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J. Introduction 

In this article a critical and concise review of the recent literature 
dealing with the structure and the function of the protoplasm is 
presented. Moreover, an attempt is made to synthesise our knowl- 
edge and to give a consistent picture of the functioning of the cyto- 
plasm. At the present moment this task does not appear to be too 
daring because of the great progress made during the last ten years 
in the field of chemistry and submicroscopic morphology of the proto- 
plasm. A general survey of this field may be of some value for 
further investigations, even if the gaps in our knowledge must be 
filled by some hypotheses. At any rate, there will be a clear distinc- 
tion between well-established facts and theories. 

Structure and function of the protoplasm are intimately corre- 

1 
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lated with oach oUicr. In biology, structure and function are two 
concepts similar to matter and energy in physics; they are merely 
two different aspects of the same tiling. Any structure is the expres- 
sion ol the fimction of the protoplasm. Intimate collaboration be- 
tween morphologists and physiologists is necessary in order to eluci- 
date the life phenomena of the protoplasm. This collaboration has 
yielded tlie most splendid results in the study of heredity, but it is 
still very feeble in investigations dealing with the life phenomena of 
tlie cytoplasm, particularly with the mechanics of embryological 
differentiation. This article is therefore devoted to the regular, 
microscopic, and submicroscopic structural changes underlying any 
function of the cytoplasm. 

II. Substrata of the Basic Life Phenomena 

Anabolism, catabolism, and irrihibility arc the three basic litc 
phenomena. Growth, reproduction, and development are the ex- 
pressions of the anabolic activity of the living substance. Irritability 
is the faculty of the purpobeful regulation of both the anabolic and 
catabolic activities of the prcitoplasm. 

Teleological thinkmg is required in order to dcbcribe life phenomena 
adequately. Causal thinking is necessary in order to find a scientific 
explanation of the indubitable pm-posefulness in nature (50). Thi.s 
purposefulness cannot bo explained by assuming the existence of a 
mystic agent. It must be sought in the organization of the living 
substance. The power of reacting purposefully persists even when 
the organization of the protoplasm is disturbed to a minor degree. 
If, however, this organization is severely disturbed, nonpurposeful 
and detrimental processes appear. This is the case in many patho- 
logical conditions. Life phenometm are puiposcful because they are 
always the result of a compromise among a great variety of antago- 
nistic, stimulating, and inhibiting agents: pH buffering is the sim- 
plest inanimate system exliibiting a certain "purposefulness'’ (5B). 

The following units of life should be distinguished: 

ft 

I. Ultimate units of life ('viruses, genes, microstjmes, etc ) 

II. Cells. 

1. Prokaryote cells (bacteria, Cyanophyceae). 

2. Eukaiyote cells (cells of all other organisms). 

III. Multicellular organisms. 

IV. ('olonies of multicellular organisms 
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Nucleic acid u concerned with the anaboUc activity of the pTot 9 - 
plastn, particularly with protein synthesis (see page 58). 'Hiis is 
pvidenc(>d by the following facts: The amount of nucleic acid is in- 
creased in all kinds of cells when growth is initiated (13,111) < Nucleic 
acid is not diffusely distributed; it is present within small self-per- 
petuating bodies (chromomeres, chromidia-microsomes, macro- 
molecules nr particulates), which are the roost essential constituents 
of the protoplasm. Moreover, the simplest viruses are pure nucleo- 
proteins (14B) that are able to grow and to reproduce themselves 
within host cells. The catabolic activity of the protoplasm is due to 
the enz}anes of hydrolysis, respiration, fermentation, phosphoryla- 
tion, etc. Lipidcs* are concerned with the irritability of the proto- 
plasm (page 42). 

Since the simplest viruses arc pure nuclcoproteins, they exhibit 
anab(»lu' activity only. They contain no enzymes or lipides and 
thercfuic do not exhibit catabolism and irritability. The host cells 
provide the energy and t he material necessary for the anabolic activity 
of these viruses There exist all intermediary forms between viruses 
and bacteria. The highest viruses, such as vaccinia virus, contain 
some enzymes and lipides (148) and therefore may be endowed not 
only with anabolic activity but also with a certain catabolism and 
irritability. At any rate, anabolism, catabolism, and most probably, 
irritability are displayed by the cliromidia (microsoroes) extracted 
from nuiiierous cells. 

3’he simplest protoplasm is represented by viruses, which aiv, as 
stated above, pure nuclcoproteins. The protoplasm of vaccinia 
virus has a slightly higher organization, and that of prokaryote and 
eukaryote celK an even higher organization. It has long been sup- 
posed that cells are composed of still smaller units exhibiting all the 
essential features of life (Hermann, Ffliiger, Verwom, Altmann et al; 
see 58 and 6 1 ) This is confirmed by recent investigations (for litera- 
ture, see 13 and A2). Viruses should be regarded, at least in a re- 
btrict ed sense, us ultimate units of life. But cells cannot be regarded 
as ultimate units of life. The protoplasm of prokaryote and eukary- 
ote cells is an organized system of several types of self-perpetuating 
nucleic-ncid-containing bodies comparable to viruses. These bodies, 
however, ure not free, but concatenated wdth each oilier into self- 


* Pliosphatidcs and rholcstcrol arc chiefly in question here. 
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perpetuating fibrila (cytoplasmic fibrils, chromosomes, etc.)- ( 'onse- 
quently the cells must be regarded as organised systems of several 
kinds of self-perpetuating fibrillar components. The higher the or^ 
ganization of the living substance, the more differentiated are the life 
phenomena. The simplest are exhibited by the primitive viruses, 
the most complicated by multieellular organisms. 

Eukaiyotc cells have a higher organisation than prokaryote cells. 
The former have a well-developed nucleus that forms chromosomes 
during mitosis. The latter contain a primitive nucleus (for litera- 
ture, see 37) very different from the nucleus of eukaryote cclK. 

III. Structure of Cytoplasm 

A. CHROMIDIA AND CYTOPLASMIO FIBRILS 

In the first decennium of this century much effort was spent in 
order to prove that the chromatin regularly migrates from the nucleus 
into the cytoplasm. Hertwig denominated as chromidia all the ryto- 
plasmic substances supposed to originate directly from the nuclear 
chromatin. The chromidial hypothesis was developed chiefly by 
Goldschmidt. For details and literatui'e eonceniing this subject 
the reader is referred to Cowdiy's book (30). It has been assumed 
that both the chromatin and the chromidia contain nucleic acid. 
Moreover, it has been demoustrated by Van Herwerden (see Brachet, 
13) that the chromidia in preparations previously expo.sed to the 
action of ensymes which break down nucleic acid can no longer be 
stained with pyronine. Not only minuU' granules scattered tlirough- 
out the whole cytoplasm, but also large inclusions of various shapes 
have been described as chromidia. Unfoi’tunately only a fcAV inves- 
tigators have been able to distinguish chromidia from mitochondria. 
The two components of the cytoplasm have been confused by most 
cytologists, who, as a result, have denied the real existence of the 
chromidia. 

There is no evidence that the chromidia orginate directly from the 
nuclear chromatin; therefore this opinion cannot be accepted by 
modem cytologists. The general idea, however, that certain C}’to- 
plasmic granules are similar to, although not identical with, chromatin 
is correct and is strongly supported by modem investigations. 
Moreover, the presence of nucleic acid within the chromidia should 
be regarded as definitely proved. Nevertheless, an important 
difference between the chromidia and the chromatin escaped the 
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previnuH workers in cytology, because no methods were available to 
distinguidi ribo- from thymnnucleio acid in microscopic preparations. 
These methods have been provided by the independent investigations 
of Bracket, Caspersson, and co-workers (for literature, see 13,42). 
It has been demonstrated by Caspersson and collaborators (Schultz, 
Hyddn, Landstrfim-Hyd4n, AquUonius, et of.) tlmt the cytoplasm 
of various rapidly growing cells is Feulgcn negative and t^t it 
strongly absorbs idtraviolet light of the wave length 2600 A; both 
properties are characteristic of pure ribonucleic acid. Moreover, it 
has been found that the chromosomes also strongly absorb the same 
ultraviolet light and that they are, in contrast to the cytoplasm, 
Feulgen positive; these properties are characteristic for pure thy- 
monucleic arid. From these facts it has been concluded that ribo- 
nucleic arid is present within the cytoplasm and thymonucleic acid 
within the chromosomes. Another method has been invented by 
Brachet (13), who found that the cytoplasm of various cells is deeply 
stained with p 3 rronine when the microscopic preparations are treated 
with Unnas dye mixture and that the staining foils to occur when the 
preparations are subjected to the action of the enzyme ribonuclease 
before treatment with the above-mentioned dye mixture. Thus, it 
is evident that staining with pyronine is due to ribonucleic acid and 
that it does not occiu' when this acid is removed under the influence 
of the above-mentioned enzyme. Ribonucleic acid is not diffusely 
distributed throughout the cytoplasm; it is present within minute 
granules only, long since described as chromidia. Only these granules 
abeoib ultraviolet light, stain with pyronine, and are Feulgen nega< 
tive. 

Recent investigatiuns definitely prove that the chromidia and the 
mitochondria are entirely different from each other. This is deariy 
evidenced by the fact that, in sea urchin eggs stratified by centrifug- 
ing, the chromidia and the mitochondria are foimd in two different 
layers. Only the chromidial lajTr stains distinctly with pyronine 
(Moon4 98,100) and strongly absorbs ultraviolet light of 2600 A 
wave length (57). In contrast to the chromidia, the mitochondrial 
layer does not stain with pyronine and does not absorb ultraviolet 
li^t of the mentioned wave length. It has also been found that the 
mitochondria of some other cells do not absorb ultraviolet light to 
any eonriderable degree (78). Thus, the mitochondria, in contrast 
to the chromidia, do not contain any considerable amount of ribo- 
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nucloir acid. Buth mittHshondria and chromidia are Fculgen nega- 
tive. 

Ilie term chromidia should bo restricted to the minute granules 
only, which exlubit the above-mentioned properties. Neveriheless, 
the same propt'rties are also exliibited by sevoml otlu'r, l.'u-ge stnie- 
tiu^l cnlities wluch Imve also been deseril)ed as chromidin. These 
large eomponents of the r>ioplasm have the form of thick conls, 
spirals, concentric lamellar bodies, etc., and do not correspond to the 
single chromidia. '^Tliey are compact aggregates of numerous chro- 
midia, present within strongly condensed regions of the fibrillar ground 
cytoplasm. The kno\\n term ergastoplasm should be n'served for 
all these condeuhations of the cytoplasmic texture. Tiike (•hromatin, 
the chromidia are purel}' morphologic entities; their chemical com- 
position is variable. Both the junount of ribonucl(‘ic acid present 
\rithin th(' chromirlia and the amount of th>iuonuclGic aciil present 
vithin the chromatin granules are subject to gi'cat variations under 
different pliyhiologi<’ conditions. The ribonucleic acid content of the 
chromidia is high in rapidly growing cells and low in cells that have 
ceased to groA\. In the former case, tlu^ chromidia have a more neid 
claracter and then'fore they aiv preferentially stainable \vith basic 
dyes. In the latter case the chromidia liave a more basic character 
and therefore they are preferentially stainable with acid dyes. 

In preparations fixed in Bonin fluid and stained with ironhema- 
toxylin'or other basic dyes, the chromidia of sea urchin eggs appear as 
minute granules A\hoHe size is just on the limit of inicrota'opic resolu- 
tion. Thus, the diameter of the fixed and stiiined chromidia cannot 
ex(‘ecd 0.2 Under the influence of acetic acid contained in Bouin 
fixative the chromidia swell, similarly to tin* chnjmatin granules. 
The cliromidia also increase in size under tho influence of the dye, 
which is heavily adsorbed on their surfaces. Tlius the chromidia 
must be much smaller in living cells, probably 0.1 ^ or less. The 
chromidia are, as a rule, not densely packed within the cytoplasm 
and therefore they clearly appear as single bodies in fixed prepara- 
tions. 

The microsomes, macromolecules, plasmagenes, or particulates 
separated from various minced cells by Claude, Stem, Brachet, 
Jeener, el cH. (for literature, see 13,42) qontain ribonucleic acid and 
have a diameter of 0.3 to 0.05 g. There is no doubt that these cor- 
puscles are identical with the chromidia previously discovered in 
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fixed pi epamtirms. Therefore it ie proponed in this article to call 
these corpuscles chromidia instead of microsontes, etc. The term 
rhroniidium is excellent because it means that the curpusclo in ques* 
tion in sunilar to but not identical with chromatin. Moreover, 
psopcr credit should b,e given to those investigators who first recog- 
nized that chromatin-like, nucleic-acid-containing bodies are present 
witliin the cytoplasm, and to the man who first coined a suitable 
term (R. Hertwig) to designate these bodies, llie terms microsomes, 
mucromolecules, plasmagencs, or particulates are either too vague or 
ineorreet. Nevertheless, the seiiuration of the chromidia from minced 
cells i.s a very important discovery because it renders possible the in- 
vestigation the abovp-mentionerl bodien by exact chemical 
methods. 

It is universally accepted that nucleic acid is concerned with protein 
synthesis (13,19), and that consequently self-perpetuating corpuscles 
must lie nucleupruteins. Thus, it is very probable that the chro- 
midia are solf-perjietuating bodies similar to chromatin. The chro- 
midia are an organized system of numerous chemical compounds. 
'ITio chromidia contain proteins rich in sulfliydiyl groujw, rilxmucleic 
acid, lipides (among them phosphatides), and respiratory and hy- 
4lrolyzing enzjTnes (for details, see page 31; for literature, see 
13,42). It is possible that among other proteins the chromidia also 
contain basic proteins such as histones. In microincinerated prepa- 
rations heavy ash depoMts <iccur wherever ribo- or thymonucleic 
acid i'' pres(‘nt (31,40). Calcium and magnesium an' the chief com- 
ponents of this asli. During the development of nerve cells the 
amount of the ash-yielding substances is strongly dpcrea.sed within 
the nuclei and iiicrea.sed wilhbi the cytoplasm (7(i). Simultaneously 
the amount ol nucleic acid (thjnnouucleic acid) is also strongly de- 
creast'd ^^’ithin the nuclei and increased (ribonucleie aeid) within the 
eytopliism. It is e^^deneed by this faet how intimately nucleic 
acids are associated tvith calcium and magneshim. The amount 
of calcium and magnesium is increased wherever the amount of 
nucleic acids is increased, and inverselj'. Aloreover, it is known that 
calcium and magnesium are not free, hut bound to the components of 
the protc^laMn (143). Thus, it appears very probable that the 
phosphoric acid parts of phosphatides and nucleic acids are linked 
by means of the bivalent cations calcium and magnosium. At any 
rate, there is no doubt that calcium and magnesium aie present 
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within the chromidia. The role of Uie lipides is to separate the 
nudeoproteins from the numerous enzymes present within the chro« 
midia. The chromidia are not scattered in a disorderly manner 
within the cytoplasm, but ccmcatenated with each other into long 
fibrils. 

Many thooricb coucominfi; the stiucture dF the protoplasm have been advanced. 
It ifi not the rig^t oecaflion to dihcusa all these theories here, inasmurh as this 
problem appears to he already solved. For literature conoerning this matter the 
reader is referred to the books of Hennefpiv (60) and Keifriz (144). In t he present 
It* view only some recent investigations definiUdy inuving the fibrous stiucture of 
the protoplasm are reported. Polarization optirs proved to be a ver} valuable 
method for investigating Iho submirruscopir structure of living and fixed cells. 
For litoratun* coticerniiig this subject the n^odci is referred to the books and papers 
of Schmidt (138,140). 

The fibrillsj structure of the ^ound cytoplasm of living and fixed 
cells con be safely demonstrated by means of the polarization micro- 
scope. A''ariouB birefringent inclusions of microscopic size scattered 
throughout the cytoplasm may conceal and simulate the birefrin- 
gence of the ground cytoplasm. Thcn'fore living uninjured eggs of 
sea urchins (98,108*) and frogs (115) were stratified by centrifuging, 
and investigated between crossed nicols in a polarization microscope. 
A distinct birefringence could be detected within the clear Itiyer of 
ground cytoplasm deprived of all inclusions In sea uivhin egg> long 
streaks of variable thickness negatively birefringent in longitudinal 
direction have been observed within this layer (98). No doubt the 
fibrillar components of the ground cytoplasm were orientKl parullel 
to each other by centrifuging. The eggs do nut suffer any injury 
when exposed to tliis expcrimeut&l treatment. I'his is CAidenced by 
the well-known fact that centrifuged eggs cleave upon fertilization. 
In normal eggs the fibiils are oriented in any direction and therefore 
the ground cytoplasm appears isotropic. Under the Influence of 
centrifuging the fibrils are oriented in a certain direction and there- 
fore the ground cytoplasm becomes birefringent. This birefringence 
may be increased by weakly hypertonic sea w'ater (98). The de- 
BCiibed facts prove that the ground cytoplasm of normal Ih'ing cells 
has a fibrillar structure. 

* Unfortunately it is wry diifirult for (hr reader to imagine what kind of opti- 
cal phenomena have been obeerved by Moore and Miller (108j. The very abort 
note does not seem to Ijc auffieientlv clear. 



FUNCTIONING or THB CTTOPLABU 


0 


RmuistrOm (122,123) has demonstrated that under the influence of hypertonic 
aea water great, but completely revenibk, etruotoral alterations are produoed 
within the cytoplasm of the sea urchin PMunmethimu miliaria. Iifonn6 ^00,103) 
inTBStigated in detail them alterations by means of the polarisation mieroecope 
and gave the correct interpretation of the plumomena obBwvod. It was found 
that under the influence of hypertonic sea water the fibrillar texture of the ground 
cytoplasm is condensed in the central region of the eggs. Simultaneously a 
liquid (euchylema) is releasod and all inclusions of microsonpie sise (yolk, mito- 
chondria) are forced out from the iuterstioue betwoen the cytoplaunic fibrils. 
These inclusions form a layer beneath the cortex that is only I ft thick. The whole 
ground cytoplasm condenwd in the central region of the egg presents a polarisa- 
tion cross which is positive in radial direction. In some cases the described al- 
terations do not occur, but the whole egg becomes positively birefringent in radial 
direction (04,08). 

Under the influence of undiluted glycerol either a moeaic of birefringent struc- 
tures (122,123) appears, or the whole egg iM'romes positively birefringent in radial 
direction (126) The whole egg liecomcs negatively birefringent in radial direc- 
tion when fixed in absolute alrohol (98,110). Evidence has been provided (98, 
100) that this birefringence is duo to the Bubminoseopic structure of the ground 
evtoplasm, and not to the birefiingenoe and orientation of the microscopic inclu- 
sions of the egg. 

Fixer] pggB treated with absolute alcohol are negatively birefringent 
in radial direction because the polypeptide chains of the ground cyto- 
plasm are preferably oriented in tangential direction. Tins birefrin- 
gence cannot be due to rihonucleir acid assoriat«d with the proteins 
of the cytoplasm, because the hydrophilic nucleic acid molecules ran 
only be oriented pandlel (140) and not perpendicular to the polypep- 
tide chains of the pn)tpins, and because proteins and nucleic acids 
have an intrinsic birefringence of opposite sign. In eggs treated with 
hypertonic sea water the whole ground cytoplasm is i)ositivply bire- 
fringent in a radial ilirertion. Xevcrtheless, even in this case the 
birefriugence is not due to nucleic acid, but to the rod-shaped lipide 
molecules oriented in radial direction. This is plainly evidenced by 
the fact that this hiiefiingcnce is reversed under the influence of 
lipide-dksolving, hut protein- and imcleic-ap,id-pre.serving agents. 
The cytoplasm of pancreas and neiwe cells is known to be particu- 
larly rich in ribonucleic acid (20,100). Nevertheless, even in this 
case the birefringence phenomena (100,120) displayed by the cyt.o- 
plasm cannot be due to ribonucleic acid (100). Either the amount 
of ribonueleio acid present within the cytoplasmic fibrils is not suf- 
ficient to reverse the sign of bin*fringencc of the proteins, or the ribo- 
nueleie acid molecules are arranged in a disorderly manner because 
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they adhere to the BPctions of cytoplasmic fibrils which are perma- 
nently folded. The latter assumption is stron^y supported by the 
facts cited below '(psRO 14). Thus, it is certain that the birefrin- 
gence phenomena of the groimd cytoplasm are due to proteins and to 
lipides only. The rod-shaped lipide molecidcs have one hydrophilic 
and one hydrophobic pole and therefore they must be orimted per- 
pendiculir to the hydrophilic polsrpcptide clmins of the proteins 
(46,140). The described birefringence phenomena make it evident 
that the ground cytoplasm has a fibrillar structure. The birefrin- 
gence phenomena, due to lipides and to proteins, are of opposite sign 
and therefore they strongly compeui»ate each other. In living sea 
urchin eggs the birefringence, which is due to the lipide component 
of the c>'toplnBmic fibrils, appears distinctly when tlicse fibrils are 
arranged in a certain order under the influence of some experimental 
agent. The bii'efringence due to lipides is increased when the poly- 
peptide chains are stretched under the influence of dehydrating 
agents. No doubt the ordered arrangement of the li])idc molecules is 
increased w’hon this occurs, 'nds birefringence is reversed when the 
lipides ore ilissulvod The birefringence due to the proteins of the 
cytoplasmic fibrils ajipears and is still more inen'osed when the poly- 
peptide chains are stretched to fhe maximum upon compk'te dehy- 
dration. 

Not only in the mentioned cells, but in practically any cell, bire- 
fringence of the ground cytoplasm may appear imder the influence of 
various agents which cause orientation and stretching of the cyto- 
plasmic fibrils, without serious injury (9^1, 95, 97). Detailed investi- 
gations have been performed in order to distinguish the birefringence 
of the ground cytoplasm from the birefringence of its inclusions (94, 
97). Also under normal physiologic conditions orientation of the 
cytoplasmic fibrils and temporaiy birefringence (»f the ground cyto- 
l)lasm may appear (94,140). 

'The ulu-omidia are a component of the ground cytoplasm. I'liis is 
evidenced by the fact that in eggs stratified by centrifugal treatment 
the chromidin are always strongly eundeused in the layer which (‘orre- 
sponds to the ground cytoplasm (57, 9S). birefringence appears 
within this layer because the fibrillar components of the ground cyto- 
plasm arc also strongly condensed here imder the influence of centrif- 
ugal treatment. The chrumidia cannot be separated from the cyto- 
plasmic fibrils by means of ecntrifugal treatment. The chromidia 
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are an esspiitial component of ihpHc fibrils, ft can be seen in fixed 
preparations that the chromidia arp concatenated witli each other 
by means of very thin threads which do not show any distinct af* 
finity any dye. The intermediate threads do not oidiibii the char- 
acteristic properties of ribonueleic. acid. Thus, it must be concluded 
that the cytioplasmic fibrils are i‘onstiiipt(*«l of the ribonueleio-anid- 
pontainini; chromidia luid the ribunueleic-apid-fi'ee iuterchromidia, 
re|(ularly ultemaliug with each othor. 

AtujiU* oviilriiir in Aupixirl of ibiK (*iiiiclii,Hioii is pr(»vidpd by thi* fullowiiig ex- 
periiupiil (103,104): Matun* unfortilizi^d eggs of ihv urchin Paamniechinm 
miliat in wore oxpow^d for sfworal hnuii!i to llio actiitn of a 0.2 N Hodium azide Hcdii- 
tiou in Moa water. (\v1o]yMiH d(N*H not occur hui tiic etrudurc of the cytoplartfu 
in slowly and gi-adually altered. The extn^nicly thin cylftplasiuic fibrils arc 
oriented iMirallcl to canli other. RumlleK of cyluplasmir fibrils air formed. The 
bundles gradually iH'cume t hieker U^eauM^ of the iuereariing uuinbc^r of cytoplasmic 
fibrils which join each other. All intmnediat stages Ixdvtet^i singlf* cytoplasmic 
fibrils and thick biiiidlcb found. The Imiidles an* cross sliialed (Fig. 1). 
The thickest bundle's coiilairi si'vt'i'ul hundred, p(Thaps ('ven ono thousand, cyto- 
plasmic fibrils (w'c page 13). The fact should be stn*HHt*d, however, thal thi* 
cliroinidin conjugate only with tlu* elironudia, and the itit 4 ‘rchroniidia only with 
I he Intel chromidia. Kvidenlly, then' exists a mutual attmetion betweem tbe 
corrr*s|ion(lmg partsof tiu* cyloplasinic fibrils. The thick bundles of cytoplasmic 
fibrils ('oiisist of ribotiiicleir-acid-conlaining luiil ri bo nuclei c-acid-fn'c sertiniis 
ii'gularl> allei'fialiug >^ilh eai'li other. They exhibit a great similarity to the 
salivary chroiiiosomeh of J)roHOi)hil(i, which consist of altf'iiiuliijg wctioiis, with 
and without th\monucleic acid. 

The parallc'l oritiifation of th« eytoplartmic fibrils niay bo a pUe- 
numoiKin ndatr^i to inoiotie elirumosome pairing. Idcnticul, or at 
least a very similar, strm*liin.‘ is the jinTeciuisite for this pairing. It 
is well known that tdiroinosonies of devhifing stninture do not pair. 
All cyiioplasmic fibrils ninst have an idi'iitical, or at least voiy siniilur, 
structure hoeaiisti th(‘}" an' so easily attm'hed parallel to each other 
with their eori'espoiuJiiig regions. Thus, the eytophismic fibrils art', 
in contrast to the chromosonu's, not ditfc'n'iitiated along their length. 
It is evitleiit that all chroinidia of a eertain cell an* identical. The 
same holds true for the* inl(‘rchromidia. 

Under the influence of sodium azide the cytoplasmic fibrils are 
stretc'hed, a fact which undoubtedly favors tlieir parallel orientation. 

• The ijarallci conjugation of cylophismiu fibrils may lx* brought alxiut by a 
process biniilar to bliMid clotting. It has licen recently demoiistraUMl tlial the 
muKB HtriaU'd fibrin fibrils also adheio to each other with their corresponding 
n'gionK (57a). 
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Only thp intorrhromidiii are stnmj^ly clungHtcKl an<l therefore the 
distanees hpt•^^eell the ehroniidia are iiicreahed. Kvidently the poly- 
peptide (‘hums ol only the iuterchi'omidia an' unfolded by the aetion 
of iscMliuni azide 'I’he >tr(‘trlnnR of the polypeptide chains is due to 
dehydration, niis is p\idoneed by the Inct that a vacuole is (‘xpelled 
at the end'i ol the bundles ot cyt.(»plnsmic fibrils. I'nder normal etm- 
ditioiis the cytoplasmic fibrils aw* stroiiRly hydrated and the poly- 



Fig 1 CS tiipUsinif iibiils aiiaiif^iMl 111 iioss-sliiali il huiullrs 
mirli'i iiihui iin* dL mmIiuiii u/idr 

peptide chains oi their chroiiiidiu and inteichiomidia are folded. It 
seems tliat the poh'pi’ptide chains of the chromidia aw* pernuiiu'ntly 
folded, in contrast to the pol}'p(‘ptide chains of Ihi* hit ei chromidia, 
whose loldinR is subject to variations under diHeient physiologic con- 
ditions. 

Bundl(‘s of cytoplasmic fibrils are appwiximately us long us the egg 
diameter (about 90 n). Thus, it is probable that the single cyto- 
plasmic fibrils also have a similar length in eggs not subjected to any 
experimental treatment. No doubt the length of cytoplasmic filirils 
is vuiiablc in various cells and depends upon the diami'ter of tlit* 
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latteft It may ba that tha length of cytopla^mio fibrils is variable 
under different phynnologio conditioTiR and that thin may be due to 
fragmentationa and reunions. The cytoplasmic fibrils decrease 
strongly in lenglh during cleavage because they are cut through in 
transverse direction flimultaneously witli any cell division* The 
length of the fibrillar constituents of the cytoplasm of slime molds 
has been estimated by Moore at about 10 m (lOJ). 

Tho chromidia of the sea urrhin ogK^ aie almul 100 ium thirk (see page 0)* 
The Intcrchronudia seem to he iliinuer. tlurkne^^ of tho single eytopla^ 

mic fibrils may be estimated to 50-100 mpt. Thi^so thin fibrih arc visible in the 
ordinary microscope only because of their li^nglh, wiucli is above the limit of 
microboopio re^uilulton. The cytoplasmic fibrih are compaiablo to the proto- 
fibrils coQStitut iug giM^rm tails. Dalluvrits (2) show od, a Uidk time ago, that sperm 
tails may be decomposed into several exlieinely thin fibrils, visible in the ordinary 
microscope. These protofibrils liavc reot'iitly bt'en investigated by means of the 
elect ron microscope and it v as found t bat they are about TiO mu thick (57, 134, 1 37). 
Sperm tails arc bundles of protofibrils wliosi> nundx*i and thickm^ an* strikingly 
constant. This fact indicates that fibrils which me about 50 mg thick represent 
a very important Rubmier‘osco)iic structural unit. Thest' jirolofibrils may be 
cilhoi constituents of thicker fibrils or may occur iijde))i'ndciitlv. Thus, the 
cytoplasmic fibrils seem to be iiideixmdent protofiliriN Moore (107) found that 
the cytoplasm of slime molds may pass without injury througli the poiH*s of parch- 
ment, which aro about 50 mg in diameter. He iiifi^ned from this fact that the 
cytopl«ism of slime molds must be composed of fibrils which are also about 50 mg 
thick. Thus a structural unit corresponding to protofibrils may also U* detootod 
in this case. It would be of inten’st to know wlielher Ihere exists yet another 
intermediary slnictural unit between the cytoplasmic fibrils, wtiicii correspond 
to the protofibrils, siid 1 ho sinKlo polypeptide chains. At any rate, from muscles, 
fibrils as thin us 5*- 16 nig have been separated (51). Thus, they are still Ihifinor 
than the protofibrils of sperm tails. It ih not known how inuny parulkd poly- 
peptide chaiim the rytofilasmic fibrils in.ay contain. Novel Ihclohs, it may bi‘ esli- 
niated that the cytoplasmic fibrils are bundles of about 2tX)0 pol3rpeptide chains 
(104), if it is assumed that the latter aro densely packed os in myofibrils (89). 
Thus, the ground cyltiphiMn cauiiut iH-n^gaided as a te\tun* uf hiiigle iM>]yjx*ptide 
chains. It has a murJi cour^xT struct me. 

Bircfringent substances liavc been extracted from various tissues 
which were pnjviously miuccd. Only in tho case of musolcs is it 
certain that these substances originate from tbr* cytoplasm. The 
birefringent protein myosin is in question here. It has not been 
proved tluit the birefringent substances extracted from other cells 
derive from the cytoplasm. It seems that the birefringence of the 
materials hitherto separated from the cytoplasm of these cells is en- 
tirely due to contamination with thymonucleohistone, a substance 
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which occurs in tiie nuclei only (14). At any rate, the extracted 
chromidia (macroniolccules, mirrosomes, particulates) appear ^obular 
in the electron microscope (151) and do not show any flow birefrin- 
Rcncc (14). Tliis is in perfect harmony with the above-mentioned 
fact that the birofringeuce of the cytoplasm is not influenced by ribo- 
nucleic acid (sec page 10). From this fact it has been inferred tihat 
the ribonucleic acid molecules are scattered in a disorderly manner 
becau.se they intimuUiy adhere to the permanently folded polypep- 
tide chains cjf the chromidia (100,104).'" Hie ground cytoplasm is a 
texture of fibrils, the latter consisting of the chromidia and inter- 
chromidia which regularly alternate ndth each other. It must be 
concluded from the above-mentioned facts tliat the birefringence 
phenomena displayed by the ground c>’lo])labm of living and fixed 
cells are due to the int erchromidia. It is obvious that the birefringent 
interehroinidia ore dissolved by the methods employed to extract the 
isotropic chromidia. In this connection it is of inti^rost to note that 
the cross-striated muscles may also be fragmented in transverse 
direction into anisotropic (Howmaii discs) and isotropic discs. 
Agents an* kniuvn some of which dissolve the former, and some the 
latter (tor literature, see .18). Proteins wliich an* birefringent or 
uhicli may easily be made birefringenti are present in the cytoplasm 
of any cell. Hiis is cle.srly evidenced by the birefringence phenomena 
exiiibited by the cytoplasm of living and fixed oells. With the excep- 
tion of myosins in the ca.se of muscles these proteins liave not yet been 
extracted in pure state. 

B. rOMPAKISON OF VARIOUS MVl.NO FlBUlIii 

A longitudinal structural periodicity seems to he the es,sential fea- 
ture of all, both inanimate and living, protein fibrils. This perio- 
dicity is in some cases above, and in others below, the limits of 
resolution of the ordinaiy mienwcoiie. Structural periodicity of the 
e^'toplasmic fibrils, the prophase chromosomes, and the cross- 
striated myofibrils can he investigated easily by means of the 
ordinary microscope. Strurtural periodicity of smooth myofibrils, 
sperm tails, fibrin, .and connective tissui* fibrils (54,.17n,l.‘14) appears 
rlistinctly only in the electron luicroscoire. All these fibrils exhibit a 
distinct cross slriatinn. It is very probable that olher protoplasmic 
fibrils, particularly ueurofibrils, also have a similar periodic structure. 

* NevbrtheleBB the isotropy of the chromidia may also be duo to oompensation. 
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This is plainly €>videnc(4 by the speeifio mode of nerve eonduotion 
(seo page 47). DilTercnces in the folcUng of the polypeptide chains 
are probably the essential feature of this structural perio^city (134). 
In some cases, sections with stretched polypeptide chains may regu- 
larly alternate with sections with folded polypeptide chains; in other 
cases, the two alternating sections may differ from each other only in 
the degree of folding of their pol 3 rpep 1 idc chains and, in still other 
cases, the degree of folding of the polypeptide chains may be the same 
in both sections which differ from each other only in the relative ease 
with which their polypeptide chains are unfolded. It is probable 
that this kind of structure represents a buffering mechanism by which 
the resistance of protein fibrils against disruption is increased. It is 
certain that inanimate protein fibrils do nut contain enzymes and 
nueleic acids. Within living fibrils nucleic acids together with the 
enzymes of the energy-yielding aetivilies and of hydrolysis are pres- 
ent and periodically distributed (si^ page 33). Nucleic acid and 
enzymes arc probably always associated only with the sections of 
fibrils whose polypeptide chains exhibit the tendency to remain 
folded. 

The metaphase chromosomes are spirally twisted luid strongly con- 
tracted; therefore their internal structure is not visible. Neverthe- 
less, the pniphase chromosomes are stretched and exhibit a distinct 
btnictural periodicity. This kind of slniciure is displayed most 
distinctly by the famous salivary chromosomes of dipterans. These 
chromosomes arc bundles of sevonal hundreds of chromonemata and 
in this regard they arc very similar to the bundles of cytoplasmic 
fibrils debcribed in tbe preceding section. The single chromonemata 
are probably us thick as the single cytoplasmic fibrils of sea urchin 
eggs (O.l n). This is probably the thickness of the univalent chro- 
mosomes of the resting nuclei. The chromosomes consist of thymo- 
nucleic-acid-containing and thymonucleic-acid-free sections regularly 
alternating with each other. 

Pfeiffer (113,114) and Rehmidt (1.3*)) dcmnnstnitod th t Ihs living salivary 
chromosoiups display a vciv weak bin'fniifcenrv ahirh is ntigativc in longitudinal 
direotion. Tins birefringciirc is cnlirelr duo to the thvmunurleie arid present 
wilhin the cliruiuomcrcei. l‘'n'y-Wvbbliiig (16) ralrulalid (hat only a very small 
percentage (abinii 3%) of tbe thymnnuileie arid molecules is regularly oriented 
within th(> ebromusomes. Caspersson (18) arrived at the same eonelusion earlier 
by employing his motbuil of dirhroism in ultraviolet light. Evidently the elon- 
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gated tliymoDucleic acid moleculrs arc poorly orientod because they intimately 
adhere to the slroaigly folded pulypoplido chnins of the ebromomeres. 

Also in this respect the chromoineres and the chromidia are very 
similar to each other. Tlic chromomeres remain unchanged when 
the salivary chromosomes are stretched. Nevertheless, the distances 
between the chromomeros are increased, because the interchromo* 
meres are strongly elongated (16,113,114). No doubt, the poly- 
peptide chains of both the chromomeros and the interchromomeres 
are strongly folded under normal conditions. The polypeptide 
chains of the interchromomeres only ore unfolded when the chromo- 
somes are stretched; the polypeptide chains of the chromomeres 
remain permanently folded. Thus, yet another similarity between 
the chromosomes and the cytoplasmic fibrils may be detected. 
Nevertheless, in contrast to the intcrchromidia, the interchromomeres 
remain isotropic, even when strongly stretched (113,114). Under 
the influence of stretching the polypeptide chains of the interchro- 
momeres are certainly very well oriented, parallel to each other. The 
isotropy can only be due to compensation, probably brought about 
by lipide molecules which are oriented perpendicularly to the poly- 
peptide chains. This is strongly supported by the fact that large 
.amounts of lipides are present within the nuclei (152). Unfortu- 
nately it is not yet known whether the interchromomeres become posi- 
tively birefringent in longitudinal direction, when stretched salivary 
chromosomes are treated with absolute alcohol and similar liinde 
solvents. 

The cytoplasmic fibrils and the clwomosomes are very similar to 
cross-striated myofibrils. Certain important differences, however, 
exist. The cross-striated myofibrils consist of the anisotropic (A 
bands) and the relatively isotropic bands (J bands), which regularly 
alternate with each other. In general it is held that the polypeptide 
chaiiis of the I bands are pennanently folded in contrast to the poly- 
peptide chains of the A bands, which are stretched upon relaxation 
and folded upon contraction of the muscle. Stretched chromosomes 
and stretched cytoplasmic fibrils are similar to relaxed myofibrils, 
while cytoplasnoic fibrils and chromosomes in normal condition ore 
similar to contracted myofibrils. The I bands of muscles ore analo- 
gous to the chromomeros and chromidia, where the polypeptide 
chains are pennanently folded, while the A bands of muscles are 
analogous to the interclu-omomeres and the interchromidia, where the 
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folding of the polypq»tide chains is variable. When chromosomes 
and cytoplasmic fibrils are subjected to strain tlie polypeptide chains 
of the inteichromomeres and intorchromidia only are unfolded. In 
relaxed muscles the polypeptide chains of the A bands are stretched 
to a maximum and therefore they cannot be extended any more. The 
polypeptide chains of the I bauds are folded and tlicrefore only those 
polypeptide chains are strelrhed when relaxed muscles are subjected 
to strain (54). The similarity between J bonds, chromomores, and 
rhroniidia is also supported by some other facts which are cited below. 
It has been demonstrated that in microincinerated preparations of 
resting muscles heavy ash deposits coinciclo only with / bands (41) 
where odenylnucleic acid is also present (23). This ash consists 
chiefly of calcium and magnesimn. Also wltliin the ohromidia and 
the chromomcres nucleic acid is associated with these bivalent metals. 

However, there exists an essential difference lictwccn the chromo- 
somes on the one hand and the myofibrils and eytoplasmic fibrils on 
the other hand. The chromomereb (genes) of the same chromosome 
differ from each other, while the correspoiidiug sections of cyto- 
plasmic fibrils and myofibrils, resiwtively, are identical with each 
other. Probably the some holds true for the interchroroomeres on 
the one hand and the intcrchroinidia and A bands on the other hand. 

All protdn fibrils seem to have a periodic struelure and therefore 
it is probable that uot only the cross-striated myofibrils, but also all 
other fibrils, may be fragmented into their tw'o different component 
parts. It would be of interest to su])ject to chemical analysis these 
two fractions of various fibrils. 

C. CORTEX AND PLASMA MEMBRANE 

The cortex, which represents the superficial layer of the living cyto- 
plasm, is an osseutial component of both animal and plant cells. 
The cortex differs distinctly from the underlying cytoplasm. More- 
over, the cortex is entirely differeut from the extraneous coats cover- 
ing the cells. In contrast to the cortex, the above-mentioned coats 
may be removed without injuring the cells (25).- The extraneous 
coats are merely inanimate cellular enveloiies. They appear as well- 
defined membranes or os indistinct layers of various substances of 
protein or carbohydrate nature. The real plasma surface must be 
uncovered by means of experimental agents, which fact has been 
particularly emphasized by Chambers (25). 
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The ground cytoplonn beneath the cortex is a relatively coarse 
texture of fibrils oriented in any direction. In many cells this cyto- 
plasmic texture is strongly condensed in the peripheral region and 
louBcned in the central region. Therefun* the peripheral part of these 
cells is a pronounced jelly in contrast to the fluid interior. Chambers 
refers to this peripheral rytoiilaaroic region when using the term 
“cortex.” This peripheral cytoplasm is also called ectoplasm, par- 
ticularly if it is deprived of all inelusioiib. There is, however, no es- 
sential ditferenee between the ectoplasm and the eutoplosm. The 
only differciiee is the degree of condensation of the cj^oplasmic tex- 
ture. In this article the term cortex is not used in the same sense as 
Chaml)ei'H uses it . 'I'he real coitex is sharjdy deliniite<l and it is very 
different from the jelly-like cytoplasm underlying the cortex. The 
ienii cortex is used here to designate a peripheral, very thin, bire- 
fringent, jelly-like layer rrf the oj^toplasiii. The thickness of this 
layer is about 1 n. 'flie cortex mamtoins the integrity of the w'holc 
csrtoplosin. The substance of the cortex is much more condensed 
than the substance of the cytoplasm unilcrlying the cortex. 

Birefringence on tlie surface of various cells has been demon- 
strated by several authors (Schmitt, J^ear, Ponder, Chinn, Schmidt, 
ci al,', for liti'ratnro, see 140). Of particular interest arc the investi- 
gations of Hclmiitt, Hear, and I’ondcr di'nling with the induced bire- 
fringcncp of the stromata of hemolyzed erytlirocytes of luaiunials. 
It was found that tliis induced hhefringence is due, in some cases, 
to the lipide and in other cases to the protein cum])onent of the 
stromatH Nevcrtheloss, further detailed investigations were neces- 
sary in order to elucidate the two questions; (/) Whether the bire- 
friiigenec tieinoHst rater] on tlie cellular surface is always due to the 
real surfaee layer of the r'ytoplasm or wliether this birefringence is 
HomeliiDPb hiniiilated and cuiieealed by the birefringence of some 
extraneous coat; and (<?) wlu'ther a distinct birefringence may be 
exliibited by the real surface layer of the living cytoplasm of tj'pical 
cells, such os sea urchin eggs nhich are not iiijurer] anti not subjected 
to any ex{K‘iiiiieiifal trealnient. Investigations of these questions 
have been perft3Tined by Bunnstrinn, Monn^, and Broman (129), 
llunnstrom and Moim6 (127), Monroy and Monroy-tlddo (106), and 
Monn6 (102-104). 

The surface of lining uniiijtu'cd sea lu’cliin eggs not subjected to 
any exiicriraental treatment exliibits a distinct birefringence which is 
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positive iu radial dirertioii (106,127,1291. This bircfriQgence remaiiis 
unchanged when all extraneous roats of tho sea urrhin eggs are re- 
moved by means of tryjjsin ([igostlon (120). It is known that proteo- 
lytic ensymos do not attack and do not injure living protoplasm. It 
must l)e added that cleavage tiikes place upon inseniinatinn of eggs 
treateil with tryi’win. lYom these facts indisputable evidence is pro- 
vided to prove that the birefringence on the surface of sea urchin eggs 
is due to the cortex only, nnd not to some extraneous coat intimately 
adhering to this cortex. The cortical birefringcaice disappears when 
the eggs are subjecterl to the action of lecithina.ses (bee venom) and 
various lipide-dispcrsing agents (detergents, eto.). Thus, itiscertaiu 
that this Itirefriiigcncp is dm* to li])idos. The sign of birefringence of 
the cortex Is reverscrl when the proteins are preeijntated subsequent 
to the dissolution of the lipidcs. Fi'oni these facts it is concluderl 
that the rod-shaped lipide molecule.^ are •triented peri}endicular to 
tho surface of the cortc'c and the polypeptide chains of the proteins 
tangential, in any direction within the plane of the cortex. Tlie cor- 
tex consists of protein foils and lipide lamellae regularly altomatiiig 
with ea<*h other. 

Not iu sea ur>‘hin only, but tilsu in fK'Vorul nlher oi'lls it lias been found that 
the eriiiev is pnsitivelv liiixiiingiMit iii radinl direelion (101,102,104). This also 
)i(i](ls true fill the IniiiK uiiiiijilied oi^throrytes ui tbe iNilvTlmetc Glifttra rmtxi 
(09). This birefrinnoiiL'i' is rcveised upon heinolvsi-,. No doubt the cortex haa a 
hinular blnu-tuie in all kindt< of cells. 

It is possible that the cortex is constructed of fibrils which arc 
similnr to the filirils of tbe underlying cytoplasm (sec page 11). 
The cortex is much denser tliiui the undcrljuiig cytoplasm and there- 
fore it is jirotiable that the cortical fibrils are niucb lliinuer tliun the 
cytoplasmic fibrils. Tlie struct urc of both kinds of fibrils may, how- 
ever, be similar. This statement ran be supported by some facts. 
It has been found thn1< in microincinerated pn^parations of various 
cells heavy ash deposits are always prc'sent on the site of the cell sur- 
face (142) . This ash contains chiefly calcium and magni%ium. It is 
known that these nsh deposit.s occur wheri'vcr large amounts of nu- 
cleic acid are present. Thus, it is possible that some kind of nucleic 
acid is also present within the cortex. At any rate, adenylnucleir 
acid was found within the buifaco layer of the cytoplasm of plant 
cells (85). Therefore it is possible that the cortical fibrils also consist 
of nucleic-acid-contaiiiing and nuclcic-acid-frce sections regularly 
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a]temaling wiih each other. However, the rod-shaped lipide mole- 
rules must be oriented pcrpcnclirtdar to the polypeptide chains of the 
rortiral fibrils. The polypeptide chains of the cortical fibrils which 
are orionled in tungeiitiul direction roustitntc the protein foils, and 
the lipide mnh'cules oriented in radial direction represent the lipide 
laniellae of the cortex. It is probable that also in the case of the cor- 
tex the phohphoric acid ))arts of the phosphatides and the nucleic 
acids aie kept together by means of the bivalent cations, calcium 
and inaunrsiiun. The enzymes, particularly the enzymes of the 
energy-yielding activities, must be associated with the nuclcic-acid- 
containing sections, as in the ease of the rytophi.smic fibrils (s('C page 
33). The mushes b(‘twceu the cortical fibrils represent the pores 
wliich are inipurtout for the permeability phenomena. 

The struduir of the coMex ih vfiy similar to the postulated Bfruetuie of the 
liyiKilhetieal plasma nii'iiibrane Xeverlheless tli(‘ cortex was colniluted to be 
1000 inp llnck ui rimlrast to the plaanut meinbiane wliich was ostimuted to be 
only 10 mp tlink (mh Oh) Tlie lasl-mentiniKHl eBliiiiation, which is liased on 
\anous (‘\|a‘nnu'iils, is, liowevii, not vei> reliable. It is not certain whidher 
the eoitex is identical with the plasma inembiune It may Ih' that the plasma 
inciiibiam' only coin sponds to tbu aiipeiricial la>cr of the cortex. At piesent it 
IS imposMlilo to decide whether the s(le<Hi\e ix'nneabilily is due to the whole 
eoitt'x or to its supei fieial lat ei oii1,\ . 

1). MITOCIIDNDRIA, (lOLOI BODlhlrt, .VXD CinX)ROl'LA8TS 

Hensley and Iloerr (7,(i7) were the first to Ruccecd in separating 
niit4)chondria from minced tissues, i^ince then numerous investigar 
lions on the chcmicid composition of the extracted mitochondria have 
been performed (for literature, sec 42). Moreover, nmiierous eyto- 
cbcuiiral reactions have been tested. The mitorhoudria contain 
protein, s, phosphatides, cholesterol, glyceiides, respiratory enzymes 
(7,27,34, aii<l others) amylase (60), and vitamins A and C (for litera- 
ture, see 11). Tlie amount of cholesterol present witliin the mito- 
chondria is higher than in any other cellular component (34). In 
fixi>d preparations it was found that the mitochondria do not absorb 
ultraviolet light t2()00 A) to any considerable degree (57,78). ITiis 
means that no con.sirlerable nmoimt of nucleic acid con be present 
within the mitochondria. This result is more convincing than the 
result of certain chemical analyses performed on extracted mito- 
chondria, where considerable omoimts of ribonucleic acid could be 
demonstrated (27) . Evidently these extracts were still strongly con- 
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taminated \nth the ohromidial substance which contains large 
amounts of this acid. 

Short rod'shapud and long lilaniontous mitochondria are positively 
birofringent in longitudinal direction (51,97,138). This birofTingoncc 
is due to the protein component of the mitochondria. 

Up to the prewnl nnbudv has suorttHlod in o\tractina Ch>l|ri bodnsji from minced 
tuMUpR. luvobtigaliMiih 011 thu rytoplasinir conipuncDl liare Imui fiorfoimpil on 
liviiiR and fixed tissupn oiilv. For literature oiKssridoK this buhjpcl the n>a(lpr is 
rerurred to the bouk^ of Con di v (30) and llirbch (Gl). 

The Golgi apparatus is a univemal component of the cylojilasm. 
It exhibits a certain mor]jliolugic, physical, and chemical variability, 
just os any other cellular component of widespread occurrence. In 
particular, there exist some important although not essential diJTcr- 
ences between the Golgi bodies of germ and tissue cells, and between 
the Golgi bodies of vi'rtcbrates and invertebrates. In the author’s 
opinion all these differences are explained if it is assuiueil that the 
amount of proteins present within the Golgi bodies is variable and 
that cholesterol is in some cases present and in others absent; the 
phospliatides ore the essential and most important clieinical constit- 
uent of this eytophismie component. 

In living genu cells (.spormatocjdes, oocytes) of various inverte- 
brj-les the Golgi ImhUch may be flisdinetly seen by nicaiih of the ordi- 
nary microscope. Theph.'iBeconlnihtinierohenpeis a hplenilid method 
for detecting Golgi bodies in thew' cells (15,102). The Golgi bodies 
aiipear black on a djirk ground. They are distinctly optically dif- 
ft'reiitiatcd from the surrounding cylopltism iirobably beeanse they 
contain some amount of choliNdeiol which is a higlily ndringent suli- 
stancp and wliicli, moreover, has the pioperty of strongly condensing 
phosphatide films. These Golgi bodies also appear to be relatively 
rich in proteins. The Golgi bodiob in the above-mentioned cells 
(c.g., male germ cells of pulnion.ates and eluloporlans) are birefriugent 
(91,94). Their birefriiigenei^ may he gieatly increased under the 
influence of hypertonic s-Ut sohitiuiih and vital staining with chrysoi- 
dine (94). Moreover, in tixc'tl preparations thew' Golgi bwlies are 
easily stuiiicd with Ileidraihaiii iron alum hciiiutoxylm, jiarticidarly 
at the teinperatui'e of 37°G. This staining may he due to the piiib- 
eiice of cholesterol within the Golgi lHKlii>b. It is known tliat iron 
alum, which combines with hematoxylin, is easily reduced by choles- 
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terol at tbia tpiniwrature. Tlie niitochondria v'hich do nut contain 
any considerable amount of nucleic add, but large amounts of choles- 
terol, arc deeply colored when this method is applied. 

In contrast to genu collh. Ihc (iolgi bodies are, with few exceptions, 
invisible iu living tissue cells and they cannot be demonstrated cither 
by means of the phase contrast or the polarization microscope. 
Moreover, in fixed preparations the Onlgi bodies of these cells cannot 
be stained with iron hemato^lin. They may be detected only by 
impregnation with osmium and silver ; these methods are also success- 
fully applied to rlemojistrate Ctolgi bodies iu genu cells. The Golgi 
bodies of tissue colls probably do not contain any cholesterol and that 
may be the reason they are not optically differentiated from the sur- 
rounding cytoplasm. Moreover, tlioy are very poor in proteins. 
Under the influonre of various experimental agents the groimd ryto- 
plasiu and the Golgi boilies become simultaneously birefringeiit and 
tliereforc they cjuinot bo distinguished from each other. In spite of 
these •liffereures the Golgi bodies may have the same strueture in 
both germ and tissue cells. Wlien living tissue cells are exposed to 
high-speed centrifuging, the Golgi bodies ori' displaced, which may 
be demonstrated iu fixc>d ])re])aratious (_')). This is indisputable evi- 
cleuee that the Golgi bodies are real components of the cytoplasm 
even in the cells, w’hcre they are invisible in living condition. 

The Golgi boilii‘t< have the bhape of platelets, h‘nses, globule^, licmispheies, 
aad invaginaled ganliula-like bodies. Net-bhe Golgi appaiatus has never been 
observed in living cells. It is very piobable that net-like Golgi apparatus is a 
fixation artifart due to fuaioiui and alleialions of the single Gulgi liodiea. This is 
btiongly Hupportud bv tbo iuodel cMiemnenla ot Iloltfruler (71), Tlie Gulgi 
bodies alWf ays conttibt of two romiioneuts: tlu'exteriiuiuaiidlheiiiternuni. llic 
former is membranous wliilc llu' latter is globular or lens hhujied. The iutema 
are alwaya comjiart and thriefoio Ihty rannot be lejpirded os vacuoles. 

It is universally accepted that large amounts of phosphatides arc 
present within the Golgi bodies. Osmium tetroxide is strongly re- 
duced only by the extenia of the Golgi bodies. Moreover, under the 
influence of various agents, only the externa ore transformed into 
myelin figures at room temperature (92). Both facts iiulicale that 
phosphatides with unsatinated fatty acids in their molecules prevail 
within the externa of the Golgi bodies, and phosphatides with satu- 
rated fatty acids within the interna. It is supposed that cholesterol 
may or may not be present within the Golgi bodies. Moreover, small 
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but variable amuunta of pruteinH hk* prmcni wHhin the Golgi bodies. 
The latter do not alisorb ultraviolet light to any eansidcrable degree 
and therefore they cannot eoiitain any couHiderablo auiuiuit of nurleic 
acid (03). In inicroiueinerated jirepamtions no dihrinct ash deposits 
are found in the region ucrupiod by the Golgi apparatus (142). 
Thus, it is very poor in minerals, which is also evidence that it does 
not contain nurleic aeiil (see page 7). 

Neutral red is a vital si am whieJi aflects the Cjolgi bodies. Vacuoles 
deeply stained with this dye appear, as a rule, in the region ctf the 
rytoplasni which is orcupied by the Golgi bodies. Moreover, it may 
be demonstrated that neutrol-ied varuolea are formed in association 
with the Golgi bodies, when the latter are visible in living cells. The 
externa of the Golgi bodies ore only exceptionally stained with this 
dye. Neutral red is strongly acrmiinlotcd within the interna of the 
Golgi bodies, where local cytolysis is produced. Tlie lipides are 
separated from the proteins and a vacuole stained viiih neutral red is 
exuded. Thus, the Gulgi apporotus is vocuolizcd under the influence 
of neutral red. A .siraihii effect is proJucod by moiphiiic (102). 
The mentioned ueiitial-red vacuoles arc pure artifacts, which do not 
correspond to any real component of the cytoplasm. Also tins con- 
clusion is strongly supimrted l)v the model experiments of lloltfreter 

( 70 . 

The lamellar externa of the Golgi bodies of living gem cells of in- 
vertebrates a«* or muy easily be made bivefnngent (01,94). The 
birefringence is i)o.sitive in the diieetion which is iierpendiculiir to the 
surface ot the Limellue This means that the rod-shaped lipide mole- 
cules are also oriented perpendicular to the surface of the lamellnr 
cxteina. Hie glubulai iuternn of the Golgi bodies of the spermato- 
cytes and spermntides of Ldhoboih are positi\ ely birefringent in radial 
direction 194). Hius, the rod-shiiiied lipide molecules of the intenia 
must also be oriented hi this direction. The Golgi bodies should be 
regaided as systems of lipide lamelliu* and protein foils regularly al- 
ternating with each other. The abovi'-mcnt ioned foils must he very 
thin, because the protein content of tlH> Golgi bodies appears to be 
very low. 

The chloroplasts of jilaiit cells aic also systems of alteinatiug iiro- 
toin foils and lipide lamellae. They show u similar, alt hough stronger, 
birefringence than tlie Golgi bodies (for details and literature, see 
45,87). 
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E. ORGANIZATION OF THE CELL 

The relatively firm cortex covers the underlying ground cytoplasm. 
The latter consists of the cytoplasmic fibiils (see pa®e 4) and the 
enehyloma. The term enrhylenia has been employed by previous 
cytologists to denote the liquid which fills the interstices between the 
fibriUar couiponents of the protoplasm. The groimd cytoplasm is 
not a network of smgle polypeptide rliains; it is a relatively coarse 
texture of cytoplasmic fibrils %hirh are bundles of numerous poly- 
peptide chams. The cytoplasmic fibrUs are not intercoimeoted by 
means of transverse threads. This would prevent the previously de- 
scribed (see page 11) regular parallel conjugation of the cytoplasmic 
fibrils. The ground cytoplasm is not a network, but rather a texture 
of fibriU (08,100,110). The e 3 rtoplasmir fibrils adhere weakly to each 
other by meiuis of lipide molecules perpendicularly oriented to their 
length. The cytoplasmic fibrils adhere somewhat more strongly to 
each other by ineanb of their prutein constituents. These lateral 
linkages between the protein molecules are brought about by a process 
similar to blood clotting (sec page 28). 

^thin the enehylema various inclusions are suspended, such as the 
small, globular or rod-shaped mitochondria, yolk, free glycogen, and 
many others. These inclusions move when the enehylema is induced 
to flow. Thus, the small globular or rod-bhaped mitochondria do not 
generally adhere to the cyloplasinie fibrils. Nevertheless, it is pos- 
sible that under certain physiologie conditions the small mitochon- 
dria ore reversibly attached to the cytoplasmic fibrils, so that long 
thread-like striictures (choudrioconts) are produced. 

The living cytoplasms and the living nuclei ore practically neutral, 
their pH being fairly constant (for literature, see 59 and 144). Small 
deviations fiom the point of neutrality (pH 6.8 to 7.0 for the cyto- 
plasm, pH 7.6 to 7.6 for the nucleus) may be due to the slight injury 
caused by inicroinjection of indicator dyes. No doubt only the pll 
of the buffered enchydema i& in question hero. Moreover, there is 
strong evidence that the electrical charges of the fibrillar components 
of the living protoplasm are neutralized by inorganic anions and cat- 
ions, but chiefly by phosphatides in association with the bivalent 
calcium and magnesium ions (see p. 50). Tcmporaiy electrical 
charges seem to appear only upon stimulation. Permanent electrical 
charges cim be demonstrated in fixed preparations when the cells ate 
preserved in lipide-dissolving fixatives (99,100). Large amounts of 
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lipidcfl are present both within the cytoplasm and the nuoletis (152). 

The arohitccture of the cytoplasm is variablo because the distribu- 
tion of cytoplasmic fibrils is different in different cells. This structure 
is, however, very plastic; it may easily be disturbed and later re- 
constituted. Bcversible, experimentally produced alterations of the 
cytoplasmic architecturo of the sea urchin eRKs have been observed 
by Runnstrhm (123,125), and thoroughly investigated by Monn6 
(98,100,103). In large, globidar, undifferentiated cells the cytoplas- 
mic fibrils may be irregularly distributed in all directions. In some 
coses, however, tangential orientation of the cytoplasmic fibrils 
weakly prevails (94). There exists in these cells a certain tendency 
to form concentric cytoplasmic layers. Radial orientation of the 
cytoplasmic fibrils may prevail during mitosis. A spiral arrangement' 
of these fibrils was also observed (101). In elongated cells the cyto- 
plasmic fibrils tend to be oriented in the direction of the largest exten- 
sion, In greatly flattened cells the cytoplasmic fibrils are oriented 
in any direction but always parallel to the largest surface. 

The texture of cytoplasmic fibrils may be either uniform or eoii- 
densed in certain regions and loosened in other regions of the cell. 
The condensed cytoplasmic texture may form a layer of variable 
thickness, contiguous with the cortex. Hiis layer may be free from 
all iuelusions when the cyto])lasiuic texture is strongly condensed. A 
similar layer m.iy bo formed on the surface of the nuclear membrane. 
Several concentiic alteniating layers of condensed and loosened cyto- 
plasm may be present. The cytoplasmic texture is frequently con- 
densed around the rentrosomes. The polar and dorsoventral organi- 
zation of various eggs is due to unequal condensation of the cyto- 
plasmic texture (28,98,101,121). The ergastoplasm is a local con- 
densation of the cytoplasmic texture. It may have the form of loJig 
streaks, 6))irals, and eoiicentric liunellur bodies kno\vn as yolk nuclei. 

f iram-positive ami Grani-negsitive l)ac(eria differ greatly from each 
other in their morphologic and jJjysiologic properties. The proto- 
plasm of the former is differentiated into an interior core and an ex- 
terior layer, the latter containing laige amounts of ribonucleic acid 
(see 37) . The fibrillar libunucleic-acid-containing eomponents of the 
cytoplasm appear to be strongl}' condensed within the exterior layer 
of the Gram-positive bacteria as in the case of certain eukaryote cells 
(see 100, PI. 1, Fig. 12). Cytoplasm of Gram-negative bacteria 
does not exliihit this differentiation probably because the ribonucleic- 
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aeui-containinfi GbriJs are uaifonuly distributed throughout the whole 
cell. 

The cell is an organised ayslcin 0 / several kinds of self-peipetuatuig 
fibrils probably all ctnisisting of nucleic-acid-free and uucleic^id- 
conloining sections regiilaily alternating with each other, the latter 
being ashcteiated with ensyineh, particularly the ensyiiios of the 
energy-yielding ardivities (w'o page 33). lii the case of undifferen- 
tiated cells the most important fibiillar systeuis arc tho ehroinoeonics, 
the cytoidasmic fibrils, the cortical fibrils, and the cnryoplaainic fibrils 
(the latti*r t)ccupy the interstices between the chromosomes of tho 
resting nuclei). The A]x>eifir fibrillar systems of differentiated cells 
are the myofibrils, neui'ofibrils, epithelial fibrils, cilia, flagella, etc. 

IV. Functioning of Cytoplasm 

A. DVNAMIU MTATK OF TJJIi STRUCTI KK OK I’KOTOPLASM 

Living protoplasm is continuously in a dynamic state. Energy is 
rc(]uircH] to maintain tlic structure of the protoplasm, to bring about 
the cyclic stmctural sdterationp tmclcrlyiug any si)ecific function, to 
produce various structures diuing embryologir development, to re- 
constitute the structure during rcfumcriition, and to modify, withui 
certaiu limits, the structure of the jnotoplasin in adaptation to chang- 
ing environmental conditions. 

Protupla>sni is a highly oigonized colloidal systi'm. Colloids are 
known to change their properties spontaneously. Syiieresis and 
hysteresis occur. This ipiality of the protoplasmic colloids is re- 
garded to be the causo of aging (132). The colloidal structure is not 
permanent. It breaks down siiontuneously. The structure of the 
protoplasm would also soon be unpaired and would break down spon- 
taneously with ensuing cytolysis if there were not a mcclianism pres- 
ent tending to prevent it. This mechanism is the metabolism by 
which the living substance is continuously broken down and recon- 
stituted. Thereby the protoplasmic colloids are continuously reju- 
venated. For this reason the protoplasm is potentially immortal. 
Aging of the protoplasm of single cells is prevented and aging of mul- 
ticellular organisms is delayed. This metabolism is not stimulated 
in inactive organs, which therefore atrophy. In these organs the 
living substance is not renewed to the same extent as it is impaired 
spontaneously as a consequence of the metastability of its colloids. 
This occurs for some reason in multicellular organisms and therefore 
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ajpng is oaiued. The continuous breakdown and reoonatituUi^ of 
the chenjical comstituents of the protoplasm must )>e regarded as an 
established phenomenon well supported by the experiments on cellu- 
lar meiaboUsm iMjrfonued by tlte use of hilwled (radioactive) ele- 
ments (for literature, see 141). Iluunstrbm (124,125) and Monn4 
(1U3) demonstrated that the structure of the cytoplasm of sea urchin 
eggs is altered when the respiration of the eggs is depressed by various 
agents, particularly potasbium cyanide and soditmi azi'le. More- 
over, it has l)een emphasized by the foimer investigator that femien- 
tatiun (glycolysis) is not suilicient for the maintenance of the normal 
structure of tlie cytoplasm of tlie sea urcliin egg. Nevcrthclose, this 
does not mean that lermentatioii is without importance for the main- 
tenance of this htriicture. Fenueutation must suffice for the niaiu- 
tonance of ilic normal btruct uro of protoplasm in the ease of organ- 
isms which normally live luider anaerobic conditions. It is known 
tluit nerve cells of warm-blooded animals are very sensitive to lack 
of oxygen. ICvidcntly cojibiderable work must be irerformed in order 
to maintiiiii the normal structure of those colU. Not (he inhibition 
of the resjuration ab Mich is the cause of cell death, but the irreversible 
struetural alterations of the protojilosm which invariably occur when 
the cuergy-yioltliug cell activities arc inliibiletl. These rapid struc- 
tural alterations cannot be due to the nictastability of the protoplas- 
mic colloids only, but to the appear.auce of certain detrimental siili- 
Htunces or to the dihapiicaraiice of other bubbtances necessary for the 
maintenance ol the normal structure of the protoplasm. Kvidently 
energy is reijuiied to produce or to maintain 1 he former substances and 
to remove or inactivate, in bome way, tlie latter. Probably the cyto- 
plabinic librilb peifonn continual active movements which uoase wlicn 
the energy-yielding activities are inhibited, 1’be ccsbation of these 
movements and (he penuanent stretching of tlie polyfieptide chains 
of the cytoplasuiic lilirilb may also coutribule to the apiicarance of 
these stiucturiil alterations. 

It is uni verbally acci'pted that the protoplasm is a soft thixotropic 
gel (24,144) which coiitinuoiibiy changes its state under physiologic 
and exix'rimeutol conditions. Nevertheless the thixotropy of the 
prutopliunn is not a passive physical thixotropy, nut an active biologi- 
cal tliixotropy controlled by several antagonistic substances, pailicu- 
larly enzymes. Some of these substances iiresent within the cell 
tend to liquefy the protoplasm by breaking down fibrils, while other 
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Bubstajices in the cell tend to solidify the protoplasm by building up 
fibrils and by producing lateral linkages between these fibrils. There- 
fore the structure of the protoplasm cannot be seriously disturbed by 
microneedles. The fibrils are reconstituted almost at the same 
moment as they are cut through. The solidifying agents may be 
similar to enzymes and other substances concerned with blood clot- 
ting. The presence of this clotting system within the protoplasm 
has been particularly postulated by Heilbrunn (59). Meiotic chro- 
mosome pairing, the above-described conjugation of cytoplasmic 
fibrils, the reunion of chromosome fragments, and the formation of 
membranes and of cytoplasmic nodes may be processes similar to 
blood clotting. The viscosity of the cytoplasm is increased when the 
number of lateral points of attachment [Ilaftpunkle of Frcy-Wyssling 
(46)] between the protein components of fibrils is increased (p. 24). 

Runnstrom (124,125) and Monn4 (103) demonstrated that the 
structure of the cytoplasm of sea urchin eggs coarsens when respira- 
tion is inhibited. Obviously rwpiralioii is necessary in order to 
control the clotting system of the protoplasm. Death occurs when 
this clotting is strong. The spotted or striated appearance of neu- 
rons of warm-blooded animals is clue to condensation of the cyto- 
plasmic fibrils whirh consist of the ribonucleic-acid-eontaining chro- 
midia (NissI substance) and the ribonueleic-acid-free interchromidia 
alternating rcigularly with each other. It is evident that the clotting 
and coarsening of the structure of the eyloplnsui of the neurons occur 
rapidly when respiration ceoacis at tlie moment of death of warm- 
blooded animals. It is of interest to note that this change does not 
occur in csxcessivoly stimulated neurons. In these cells the structure 
of the cytoplasm does not coarsen, the fibrils do not agglutinate with 
each other, and consequently, the chromidia remain diffusely dis- 
tributed. A similar phenomenon has b<H»n observed by RunnstrSm 
and Monn4 (128) in sea urchin eggs. Clotting and coarsening of the 
structure of the cytoplasm arc brought about much more easily in 
mature unfertilized than in fertilized eggs. The latter are stimulated 
to development and therefore they are comparable with the exces- 
sively stimulated neurons. In cells whose activity is depressed, the 
structure of the cytoplasm is coarse or it may easily be made coarse 
by means of experimental agents. 

Energy is required to produce the cyclic changes of the microscopic 
and BubmicroBCopic structure underlying any specific function. Tlie 
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protoplasm is an organized s;>'Btem of several kinds of living fibrilsi 
such as chromosumest caiyoplasmie fibrils, rytoplaunio fibrils, cortH 
cal fibrils, myofibrils, neurofibrils, epithelial fibrils, cilia, fiagella, etc. 
It is universally accepted tliat muscle ooutractiou is due to the folding 
of the polypeptide chains of the myofibrils.'* Nevertheless, it is 
highly probable tliat several other specific kinds of folding of poly- 
peptide chains are the essential phenomena underlying many other 
functions of protoplasm, e.g., ciliary movements, active transport 
of lipide-insoluble substances across the plasma membrane (104), 
nerve conduction (103), movements of chromosomes, mitosis, etc. 
Thus, folding and unfolding of polypeptide chains seem to be the es- 
sential features of the cyclic structural alterations underlying any 
specific function of the protoplasm. No doubt, motility and con- 
tractility, which arc due to .'ictive folding of polypeptide chains, are 
the characteristic life ])henomciia of all living fibrils. Energy is 
neerled to produce the folding of polypeptide chains, or to increase or 
decrease the degree of folding of the polypeptide chains of various 
kinds of fibrils. The folding of the polypeptide chains of the fibrils 
may proceed in seveiiii diflereiit ways. The folding and unfolding 
of tlie polypeptide chains of the whole fibril may occur simultaneously 
or it may proceed in waves. In the foriiiei case the whole fibril is 
shortened and stretched. In the latter case the fibril may remain 
apparently imchanged. The waves may be either long or sliurt. 
They may move slowly or rapidly, The folding of polypeptide 
ehains may Ihj either strong or ueak. Finally tlie folding rapacity 
may be diffeieut in dilTcrcnt parts of librils. Thus, it seems that a 
great vaiiety of prolnplasiiiic fuuctioiis have a eommon foundation. 
The specific functions arc supposed to 1 m' merely modificatiuis of one 
basic function common to all living fibrils, that is, active folding of 
polypeptide chains. In the following sections on attempt will be 
made to prove this hypothesis. 

It is a well-known fact that the rate of respiration is increased upon 
injury, a.g., the rate of respii'atiou of sea urchin eggs is increased 
under the influence of hyiiertonic sea water (124). Thus, energy is 
nimle available to reconstitute the noimal structure of the cytoplasm 

* Sieat-Oyoigri (6th lutemationAl Uongre% of Jfixperimental CMulogy, 
Stockholm, Ih 47) advanced the view that the contraction of myofibrib b diu to 

S iraUzation of polypeptide chaiiis. Thb hypotheab may hold true for all hinds 
protoplaamic fibrua. 
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or to modify thin structure within rortuiii limits in adaptation to 
changed envirunniental conditions. 

B. (JATABOLIC ACTIVITY 

The catabolic activity of the cell is due to enzymes. It is indisput- 
able that the prutoplosin is not a random mixture of a great variety of 
enzyme molecules. Metabolism is a regular sequence of chemical 
roaotiorib which occur at the liglit time and the right place, and which 
are appropriately modified in adaptation to changing environmental 
conditions. Therefore, the protoplasm must be regarded as an or- 
ganized system ot enzyiiif's whobC activity is strictly controlled . The 
enzymes are activated and inactivated according to the needs of the 
living cell. The euzyiucs must be coucateuutcd with each other and 
ananged in certain patterns, llie harmonious collaboration of 
mzyiues ib maintained by the oi dered stnictiiie of iirotoiilosni. This 
collaboration is disturbed when the btiuctuic of the protuiilasm is 
altered. The (ask of the cytologist is to find out how the enzymes 
arc distributed within the protoplasm. 

The distribution of eiizyiuch may be investigated by means of two 
methods; cytuchemical reactions on tissue sections and testing of the 
rnz3miic activity of various isolated cellular components. Unfor- 
tunately most of the cjrtochemical reactions performed on frozen or 
fixed tissue sections are either not sensitive enough or are highly un- 
reliable (32). (’ytorlicniical metliodh have been clabointed for the 
demomstratioii of the following puzj’uics: pbeiioluse, peruxidabe, 
dopa oxidase, urease, aeid plinspliatahc, alkaline phosphatase, and 
lipase Gninori (49) found tliat S(«ne of these iiielliods are valualde. 
The method of separating vuiious moiTiiliologie compoiieutb (7) of the 
cell and testing their enz^onir activity is much more important and 
has alrt'ady 3 riplded very interest mg rosult.s. Xcverthele&s. reliable 
results can only be obtaiued uhen the preparations aie nut contami- 
nated with any other substance. A numlicr of contradictory results 
indicates that this was not idways the c-ise. 

It is a well-established tact that certain enzymes, pai'ticularly a 
number of the most important eiizjnnes of respiration and fermenta- 
tion, are firmly bound to eeUulor structures, in contrast to other 
enzymes which are either free or only woakly associated with these 
structuTPs (38). It is known that the energy-yielding activities are 
not inhibited when living cells are minced, and when autolysis, de- 
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Tifttunitioii, and aiimlar altprations of tha collular ffagnicnts ara pFcv 
vented simultaneously. Since the time of Warburg’s (154) investi- 
gations it has been known that Te.spjrati(m m exhibited by very mns U 
granules extracted from various cells. These granules correspond 
to the mituclmndria and uliromidia w'hicli Imve been previously dis- 
covered on fixed prepariitions. Thus, it is ceilMiu tliat respiratory 
enzymes are contained wilhiii thesi* cytoplasmic components. 

Within the chromidia (mii‘ro.somes) variuim enzymes of the energy- 
yielding activities have bc'on found, such as cytochromes a and b, 
cytochrome oxidase, .succinic dohydrugena.'^c, peroxidase, and cata- 
lase (Stern, Bnllcntine, Jeener, Krachei, Cliantrenne, Lazorov, et oZ.; 
for literature, see 13 and 42). The* two first-named enzymes arc 
firmly bound to the granules. The remaining enzymes are nut so 
strongly boimd and then-fore they ai-e |)arliully isolated when the 
granules are extracted from the cells. Itecently some doubts have 
been expres.sed by Claude (27) us to whether the pi-esouce of thcrespira- 
tory enzymes within the rliromidia (mierosonies) has been proved. 
It is possible tlmt tlie method used by tlxis author prevented him from 
detecting these enz.mes, Moi-eo\ er, a giviit variety of hydrolyzing 
enzymes has been found to be jm-hent within the chromidia such as 
acid and alkaline ])Iio.spha1uhes, ribonueleust-, amylase, ilipcptidase, 
trypsin, cathepsin, arginose, and adonylie acid deaminase (Brachet 
and Jeener, Chant rcniie, Bteiiibaoh and Moog, ct al.] fur literature, 
see 13,42). The hydrolyzing enzymes arc weakly attached to thu 
chromidia. 

It has been deinonstrated by IVloiuiti (98,100,104) that the chro- 
midia, whieh contain ribonucleic arid, an* eoiu’ate,nuted with each other 
by means of tlie intorchromidia, wliich oi’c free fnnn this acid. Thus 
the chromidia are integral components of the cytoplasmic fibrils. 
The important enzyme adenosinetripliohjthatase has been oxtiractod 
from a great variety of cells (for literature, see 117). Thus, it does 
not occur only in cro.ss-striatcd mnsr-le: it is a general chcraical con- 
stituent of protoplasm. This enzyme is identical with inycxdn, tho 
birefringent contractile protein of muscles (29a, 39, 118). 

Potter advanced tin- vii-w’ that adenosinetriphosphatase might bo 
identical with the substances that exliibit stTcaming birefringence 
when se])araled from various cells. Moim6 (104) arrived at the con- 
clusion that ndeiioHijictriphospUatase must Ire jiresent witliin the 
cytoplasmic fibrils ber-ause they are contractile and because they are 
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the only constitueois of the ground cjiioplagm which exhibit hire- 
/lin^ncc in living cells, Stcinbach and Moog (150) found that this 
enzyme is presenl within small cytoplasmic f^^rauules extracted from 
minced cells. Nevertheless, they (Steinbach and Moog) did not 
investigate whether streaming birefringence is exhibited by those 
cellular extracts. Undoubtedly the cy'toplasmic fibrils are frag- 
mented into chromidia and interchroinidia when the cells are minced. 
It is possible that the preparations of the chromidia investigated by 
Steinbach and Moog (150) were contaminated with interchromidial 
substance. Nevertheless, it is probable that adenosmctriphospha- 
tase is present in both the iiitcrcbromidia and cliroznidia. In this 
case it must be assumed that the birefringence of the adenosine- 
triphosphatase is coinpcTihated by another substance only within the 
chromidia. This conclusion is su))ported by the recently discovered 
fact that the isotropy of the /-bands of cross-striated muscles is en- 
tirely due to compensation (SGa). 

Thus chromidia are organized systems of a great variety of mole- 
cules. They contain proteins rich in Kulfhydryl groups, ribonucleic 
acid, calcium, magnesium, phosphatides and other lipidea, and respira- 
tory and hydrolyzing enzymes. All these" constituents of chromidia 
must be linked together in an onlered way, so that the energy re- 
leased during the oxidation of a certain substancje may be used for the 
synthesis of another substance. Evidence is accumulating tliat nu- 
cleic acid is necessary for protein synthesis. The pn^seuce of ribo- 
nucleic acid proves that living substance is synthesized within tho 
chromidia. There is no doubt that within the chromidia tho cata- 
bolic activities are intimately linked with the anabolic activities of 
the cell. The ordered concatenation of chemical reactions must 
find its explanation in tho structure of chromidia. There is no evi- 
dence that the chromidia of a certain cell differ from each other (see 
page 1 1). It is probable that all clu-oinidia of a certain cell have the 
same composition. 11ius, practicjUly all enzymes, jircscnt within 
the ground cytoplasm of a certain cell, must be represented within 
any chromidium. Like genes and viruses, w^hich are also niicloopro- 
teins, chromidia are the ultimale units of life, long since postulated 
by many invest! gators (Herrmann, Pfluger, Verwom, Altmonn, 
Heidenhain, et al.; literature, sec 58 and 01). (/hromidia have all 
the essential properties of living matter. They grow, proliferate, 
have a certain metabolism and most probably irritability (see page 
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44). The most primitive viruses exhibit only one of these proper* 
ties. Hiey grow and proliferate, but they do not exhibit any eneigy- 
yielding activity (sec 148) or irritability. Tlie energy necessary for 
the life of viruses is provided by the host cells. 

Mutations are a beautiful example of the correlation between struc- 
ture and function, lliey occur whenever a structural rearrangement 
of the chromosomes takes place. Chromidia, which ore connected 
with each other, may influence each other’s activity. In contrast 
to the chromosomes the cytoplasmic fibrils have the same properties 
along their whole length. Nevertheless, IL is possible that structural 
changes of the cytoplasm are accompanied by changes in the function 
of the chromidia. These functional changes of the chromidia may be 
due to fragmentation and elongation of the cytoplasmic fibrils, to 
loosening and condensation of the cytoplasmic texture, and to the 
, formation of various structural patt4>rDS. 

The cell is an organised system of several kinds of fibrils, all of 
which probably consist of two regularly alternating sections, either 
containing or being devoid of some kind of nucleic aeid. In the case 
of the cytoplasmic fibrils it is certain that respirat ory and hydrolyzing 
enzymes ore present vithiu the nucleic-aeid-cuntaining sections. 
Thus, it is also iirobable that all other protoplasmic fibrils have a 
similar constitution, their nuclcic-acid-ccmtainiug sections being as- 
sociated with respiratory and h)'drolyzing enzymes and their nucleio- 
acid-free sections only with ndcnusinotriphospliataso. It would be 
extremely interesting to know wbether respiratory and h 3 rdrolyzuig 
enzymes are accvunulated within the chromonieres (genes), within 
the basophilic sections of the karyoplasmic fibrils, and within com- 
parable components of the fibrils which constitute the cortex. The 
size of the microsomes separated from various colls varies between SO 
and 300 mu and therefore it is probable that those micrtjsomes are 
the product of fragmentation of several kinds of protoplasmic fibrils. 
This problem should be considered by c.vtochemists. In this connec- 
tion it is important to note that up to the present the following en- 
g}rmeB have been found to occur within the nuclei : cytochrome oxi- 
dase, lactic acid dehydrogenase, n-amino acid nxiilase, choline oxi- 
dase, arginase, dipeptidase, esterase, uricase, ribonucleasc, acid and 
alkaline phosphatases (35,77; for literature, see 13). 

Mitochondria were found to contain some respiratory enzymes 
(27,79) and amylase (69). Moreover, some nucrodiemioal reaction; 
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indieatp that glutathionr tmd vilamin C arc also present in mito- 
rhundria (for litprature, s('e 1 1). Mitocliondria, wliich are inuneraed 
within the enchylema, drculute freely among tho cytoplasmio fibrils 
whose chromidia air kn(mn to oontain proteins rich in sulfhydryl 
groiips (13). (Uutathionc and vitamin C pirsent within the mito- 
chondria may regenerate these sulfhydryl groups and thereby acti- 
vate the oiizymcH of 1 he chromidia. 1 1 is very jirobable that enz}nncs 
of respiration and other energy-yielding aelivitiett ara also present 
within Golgi bodies and ehloroplasts, which ore, undoubtedly, living, 
metabolising components of the cytoplasm. 

Free and bound glycogen was found to occur in various culls 
(R2,110,157). Tlic foimor is depobited in tlio interstices between the 
cytoplasmic fibrils and thoirfore it may easily be extracted from the 
cells, llie latter cannot be extracted so easily, undoubtedly because 
it is firmly bound to the cytopliismio fibrils. Hound glycogen is 
probably present only wilbin the chromidia where it is broken down 
by enzymes and probably also rc'syntbesized again. 

Iliiis, it is concluded that respiratory and hydrolyzing enzymi'S 
occur within the whole protoplasm. The molecules of these enzymes 
arc, liowiwer, not mixed at raiuloin, but bound to certain morpho- 
logic constituents of the protoplusin and arranged in a certain order. 
Nueleie-aeid-eontttining bodies, fibrils, and cellh am the thive struc- 
tural and physiologic units of living beings. Rc>]f-pen>etuHting gran- 
ules are arranged into self-perpetuating fibrils, and self-porpotuating 
fibrils ore arranged in self-perpetuating cells. The latter may be 
arrangi'd in multicellular organisms. I'he chromosomes arc self- 
periietuating fibrils. Long ago it was supiiosed that other living 
fibrils are also able to reiiroduce themselves by longitudinal division 
(58). The higlier the organization the more complicated the life 
phenomena. V'irust's, wlueh an> pure nucleoprnteius, exhibit only 
anabolic activity in contrast to cliromidia, wliicli are also endowed 
with cntabolie activity and irritability. Living fibrils exhibit, in 
addition, contractility and conductivity. The life phenomena of 
cells and multicidlular organisms arc even more differentiatod. 

Living substance is continuously broken down and reconstituted 
again. Protoplasm is in a state of rapid fiux. Not tlie living sub- 
stance as such, but its structure, t.c.. tlie oonstellatiou of itiS atoms, is 
perpetuated. The structure of protoplasm is in a steady state of 
dynamic equilibrium. This is a well-cstablislied fact, evidenced 
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chiefly by the numerous inveuligations on cellular metaboSum per- 
fonned by the use of radioactive elements (for literature, see 141), 
No doubt, energy is required to reconstitute the living sulistance 
wliich is continuously broken ilomi. Even nucleic acid, which is 
associated with genes ((jlu-omoineii*s) and gene-like eompunents of 
the cytoplasm (ehroiidrlia), is eoutiuuonsly broken down and recon- 
stituted. The same holds true for the cytoplasinu* and nuclear phoa- 
phatidos ((i2). 

Enzymes and other substanecs constituting the chromidia and 
similar self-ix'rpetuating particles must be arranged in a certaiu ordm*. 
It must be assumed that i^ithin the chromidia tho nuclcoprotoins, 
associated with the enzymob ot respiration and other energy-yielding 
activities, are w'pnrated by meiuis of lipides from tlie hydrolyzing 
enzymes. This eonchimon is support wl by the folloimg facts: In 
general it is held tluit nucleic acid is concerned with the growth of 
the protoplasm and pnrtieulnrly A\ith the s}mthesis of its protidns 
(13,19). Energy is requirerl for the «3mthesib of the Jning substonec 
and therefore it must bo assumed that the nuclcopruleins aru asso- 
ciated with the euzymoh of I'espiration (and other energy-yielding 
activities) and concatenateil with each other in a certain order. The 
living buhbtancc, winch is continuously syniliosized within the nu- 
cleic-acid-cuntaining corimsclcH, is also continuously broken down 
under the influence of hydrolyzing enzymes. Thus, there must 
exist a continuous antagonism betw’een the anabolic activity of the 
nucleoproteins and the catabolic actmty of the above-mentioned 
enzymes. 

A continuous struggle is displayed by the nucleoproteins and cn- 
^rmes. In living cells lipidas prevent the nucleopi'oteins from being 
completely broken down by the eniymes. This is supported by the 
following faidis: ITic essential feature of cjiiolysis is the separation 
of the proteins from (he lj]iideb (J. Loeb, see 83^. It has lieeu dem- 
onstrated by tl\e UM* of the pohirizing uiieroscoix* that tho lipides 
are present ivithin tlie whole cytoplasm, 'fho birefriugonee of cyto- 
plasm, which is due to lipides, is completely abolished upon cyt-olysis 
(102,106,129). Evidently tlie lipides ore disporsod. Simultaneously 
the hydrolyzing enzymes are activated and autolysis occurs. It is 
known that even nucleoproteins arc broken down in autolyzing colls 
(17). Thus, it is evident tliat the nuclcoprotoins oro protected by 
of lipides against the hydrolyzing enzymes. Autolysis occurs 
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whm this lipide layer is irreversibly broken down. In living cells this 
protecting lipide layer is present. Living substance is continuously 
broken down and reconstituted again probably because this protecting 
lipide layer is also continuously broken down and reconstituted very 
rapidly in a certain rhythm. 

In cells which have ceased to grow the synthetic power of the 
nucleoproteins and the disintegrating power of the hydrolases are 
balanced. In rapidly growing cells the former prevails. Inactive 
organs atrophy because ensymic breakdown and reconstitution of the 
protoplasm are not stimulated. The protoplasm disintegrates 
spontaneously owing to the metasiability of its colloids. 

From certain experiments the conclusion may be deduced that 
several energy-yielding enzyme systems are present within the some 
cells. One of tliese enzyme systems may produce the energy neces- 
sary for the continual reconstitution of the living au)>stanco (respira- 
tion of rest) while the others prcKlucc the energy required to bring 
about the reversible change's of the microscopic and siibmicroscopic 
structure underlying mitosis and various specific functions (ensess 
respiration) such us muscle contraction, ciliaiy movement, nerve 
conduction, active transfer of lipide-insulublc substances, etc. 

Thus, it has been demonstrated by Runnstrom (124,125) that 
under the influence of etbylurcthan the rate of rcsi>iration is de- 
creased in fertilized and increased in mature unfertilized sea urchin 
eggs. It may be ihut clhyluretluui, in the concentration employed, 
stimulated the enzyme system, which is concerned with the con- 
tinual breakdown and reconstitution of the protoplasm, and inhibited 
the other enzyme system, which is concerned with mitosis. Recently 
it was found that the rate of respiration of the fertilized sea urchin 
eggs con also be suppressed by several other chemicals which do not 
change the rate of I'espiration of the mature \mfertilized eggs (44). 
Similar differences have been observed between the resting and excess 
respiration of the muscle (14!)). It is probable that several energy- 
yielding enzyme systems concerned with different cytoplasmic func- 
tions are present within the some ehromidiol granules. 

Folding and unfolding of tiic polypeptide chains of the fibrillar 
components of the protoplasm seem to bo the essential phenomena 
underlying any specific function of the cdl. Passive folding and un- 
folding is a cliaracteristic trait of any inanimate protein fibril. Living 
fibrils, however, are associated with the enzymes of respiration (and 
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other eoergy-yieldiog activities) and thensfore energy is available for 
active folding and unfolding of the pdypoptide chains. One of the 
above-mentioned respiratory emsyme systems might be oonoonted 
with the continual reconstitution of the substance of these fibrils 
and the other with the catisation of the special kind of folding of the 
polypeptide chains characteri.stic of these fibrils, 

C. CONTIIACTILITY AND McmUTY 

It has long been recognized that contractility is a general property 
of protoplasm. For literature concerning this subject the books and 
papers of Sclunidt (138,140), lleilbrunn (59), Feim (43), and llolt- 
freter (72) should be consulted. 

As already pointed out above the cytoplasm is a texture of fibrils 
consisting of the ribonucleic-ocid-oontaining chromidia and the 
ribonucleie-aeid-free interchromidia regularly alternating with each 
other. The enzymes of the cnorgy- 3 rielding activities are associated 
with these fibrils. The polypeptide chains of chromidia are per- 
manently folded, in contrast to the polypeptide chains of inter- 
chromidia, which may be easily tmfolded and folded again. It lias 
been demonstrated by Monnd (103) that cytoplasmic fibrils are 
stretched under the influence of dehydrating agents. Evidently the 
polypeptide chains of inlerohromirUa ore stretched in the dehydrated, 
and folded in the hydrated, condition. In living colls the polypeptide 
chainB of cytoplasmic fibrils are folded, tlie degn'e of folding being 
variable under different iihysiologic conditions. 

The structure of protoplasm is in a d 3 mamie condition and there- 
fore it is probable that slow, active movements are continuously per- 
formed by the cyt.oplasmic fibrils. No doubt the degree of folding 
of the polypeptide chains of cytoplasmic fibiils is actively increased 
or decreased. Jlnergy noej'Rsary to produce these active movements 
is provided under the influence of enzymes associated with Hie cyto- 
plasmic fibrils. Folding and unfolding of the polypeptide chains is 
brought about by various hydrating and dchydratiug substances 
which continuoudy appear and disappear during cellular metabolism. 
The some substances may also cause a distension and condensation 
of the texture of C3rtoplasmic fibrils. 

The structure of cytoplasm is subject to continual changes under 
the influence of the cellular metabolism. The polypeptide chains 
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which are stretched in one repon may be Bimultaiieously folded in 
another region of the same fibril. Short folding waves of the poly- 
peptide chains may nm along the fibrils. Moreover, in certain re- 
gions of the cell, folding, and in other ivgious, stretching, of the poly- 
peptide chains mny prevail. This condition may l)e subject to rapid 
changes. The degree of folding of the polyi^eplide chains of the 
single csrtoplasniic fibrils of the Nvnn* eell cannot be constant. Never- 
thelesb, the average degi-ee of folding of the polypeptide chains may 
be constant and it may be actively decreased or incrt'ased under dif- 
ferent physiologic conditions. Energy is required to produce sub- 
stances b}' wluch liydration and dehydration, folding and unfolding 
of the polypeptide chains are brought about. 

Ibuinstrom (122,128) found that the hydmtion of the cytoplasm 
of the sea urchin eggs is increased upon fertilization. No doubt the 
average degree of folding of the polypeptide chaihs of the c}rtoplasmic 
fibrils is also increased. The energy necessary to produce this 
change is provided by the increased rat e of respiration occurring upon 
fertilization. Nevertheless, energy may also b(‘ necessary to de- 
crease the dpgn*e of folding of polypeptide cluiins. This may occur 
during the lorimitioii of the ustrospheres. Some of the cytoplasmic 
fibrils are transformed into the rays of the astrosphercs, probably 
under the influence of a substance which diffuses from the centnr- 
somes. The e>ioi)lasmic fibrils of sea urchin eggs are negatively birc- 
fimgeiit (9K,100) and the ra 3 ra of the astrosphert's are positively bire- 
fringeut (122, 123, 188, MO) in longitudinal dii'oetion. Evidently, 
during the transformation into the rays of the astrospheres, the cyto- 
])lasnue fibrils are partially deprived of their lipides, dehydrated, and 
slrtdched. Theivby, their sign of birefringence is reversed. Energy 
is needed to produce substuiiees by which hydration and dehydration, 
and folding and unfoldiug of ])oly])eplidp chains arc brought about. 
The cyt oplusmic* fibrils ii(‘ed energy in order to bind water and in order 
to exiiel this water. It luis been stressed, particularly by Kapkine, 
Mirsky, and Bracliet (for literature, see 18), that during mitosis the 
polypeptide chains are stretched when the cytoplasmic proteins arc 
nwersibly denatured 

C’hromosomes are able to perform active movements. This is 
evidenced by nieiotie phenomena and by the variability of the posi- 
tion of the chromosomes within the equatorial plates of subsequent 
cellular divisions. The mechanism of these movements must be the 
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Bttine as in ihe case of cytoplaamio fibrils. Similar movements may 
also bo performod by the chondrioconts. Moreover, it is probable 
that the pol 3 ^ptidc' chains of the fibrils, constituting the cortex, are 
also actively folded and stretched (104). 

Contraction and distension of the cell is due to tvvo different fac- 
tors: condensation and distension of the texture of cytoplasmic fi- 
brils, and folding and unfolding of the polyi)eplide chains of the single 
fibrils. Tlie latter phenomenon was (sirticularly considered by 
Schmidt (140) and Fenn (43). It has been demonstrated by Monn4 
(100,103) tliat, under the influence of strongly hypertonic sea water, 
ihe ground cytoplasm of sea urchin eggs contracts and sluinks away 
from the cortex. Tlie texture of cytoplasmic* fibrils is murkedly con- 
densed. Siuiultaiipoiisly all inclusions are fureed out from the inter- 
stices between the fibrils. I’be single cj'toplasmir fibrils are, how- 
ever, not contracted but, on the contrary, are stretchc'd under the 
influence of hyiicrtonic .sca water. The clistances bpt^veen the chro- 
raidia of the single rytopla.smic fibrils are incr(*ased because the poly- 
pe))tide chains of only the interclu'Oinidia ai'e stretched. Thus, in 
tliis case the contraction of the cytoplasm is entirely due to the con- 
densation of the texture of fibrils. If the eggs u ere exposed to the 
action of w'eakly liyjiertonie sea water, the contraction due to the 
condensation of the cytoplasmic texture would be balaneod or over- 
balanc'cd by the simultaneous distension which is due to the elonga- 
tion of the single cytoplasmic fibrils. 

Thus, it is supposed that the mechanism of cytoplasmic contractil- 
ity is based on an antagonistic principle. The distension of the cyto- 
plasmic texture umier the influence of the decreased osmotic pressure 
of the medhun may l)e balanced, to a certain degree, by the simultane- 
ous contraction and folding of the polypeptide chains of the cyto- 
plasmic fibrils. Tlie condensJition of the cytoplasmic texture under 
the influence of the increased osmotic pressure of the medium may bo 
counteracted to a certain degree by the simultaneous stretching and 
unfolding of the polypeptide chains of the cytoplasmic fibrils. This 
may be the mechanism by which the volume of the cell is kept con- 
stant witliin c(*rtam limits, when the osmotic pressure of the medium 
is subjected to certain variations. 'Hie penetration of water is 
limited by the contraction of the coll and the loss of water is limited, 
to a certain degree, by the distension of the cell. Later, energy may 
be spent to take up or to force out water against the concentration 
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gradient and to diange the hydration of the cytoplasm in adaptation 
to the altered osmotic conditions of the medium. 

Hydration and dehydration, and condensation and loosening of the 
csrtoplasmic texture are the chief causes of the knoam cytoplasmic 
currents. This is supported by the investigations of Conklin (28), 
Runnstrom (122,123), Lindahl and OrstrSm (81), Soifriz (144), 
Monn£ (98,100), d d. The (^toplasmic texture is condensed upon 
dehydration and loosened upon increased hydration. When this 
occurs in many different places irregularly scattered within the 
whole cytoplasm, many weak streamings oriented in all directions 
are initiated. A rapid cytoplasmic current going in one direction is 
produced, when the cytoplasmic texture is strongly condensed in one 
region of the cell and loosened in another. The water, which is re- 
leased upon dehydration, is mixed with the cnchyloma, filling the 
interstices between the cytoplasmic fibrils. The texture of the fibrils 
is condensed and the enchylcma, together with the granules suspended 
within it, is forced out. The condcn.sati(>n of the cytoplasmic texture 
seems to be accompanied by the stretching of the polypeptide chains 
of the fibrils. Currents may be cxlx^riment!iUy produced when 8c*a 
urchin eggs are subjected to hypertonic sea water (100, 103). Similar 
currents may be observed during mitosis (146) . The texture of cyto- 
plasmic fibrils is condensed on the pules of the spindle and loosened 
in the equatorial region. The enchylema, together with the mito- 
chondria, are forced out in equatorial direction. Therefore the mito- 
chondria are accumulated m this region (6). The most beautiful 
example of this equatorial accumulation has been detected by Polus- 
zyfiski (lie). The rhythmic reversal of the direction of the cyto- 
plasmic cummts in slime molds must be duo to the rh 3 rthmic conden- 
sation and loosening of the cytoplasmic texture at the two opposite 
ends of the plasmodia (144). 

It is known that cytoplasmic currents cease when the eneigy- 
yielding activities arc suppressed. Evidently energy is required to 
produce condensation and loosening of the cytoplasmic texture. 
Cytoplasmic currents facilitate cellular metabolism. The products of 
enzymic activity are rapidly removed and substrates are rapidly sup- 
plied. Many cells which exhibit lively cytoplasmic currents do not 
move and do not change their shape. In other cells, however, these 
cyti^lasmic streamings may produce amoeboid form changes and 
movementSk At least t^o different meohaoisms are operative in the 
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formation of peeudopodia. The long, thread-like pseudopodia of 
Radioharia, Hdiotoa, and Forcminifera are positively biiefringent in 
longitudinal direction (140). Th^ are very aimilar to the fays of 
the astrosphcre. No doubt a mtnilar manhaTiUm is involved in the 
formation of these thread-like pseudopodxa and in the fmmation of 
the rays of the astro>sphercs (see page 38). The stretching of poly- 
peptide chains is considered by Holtfreter (72) to be an important 
factor in amoeboid movements. 

The formation of large lube-like pscadopodia is due to a totally 
different meclianism. The reversible change from sol to gel in differ- 
ent regions of the cytoplasm has been regarded to bo the cause of the 
formation of this kind of pscudopodium (see 43). Condensation of 
the cytoplusnuc texture means gel formation; loosening of this tex- 
ture, sol formation. The enchylema, which is squeezed out from the 
interstices between the cytoplasmic fibrils in certain regions of the 
cell, accumulates in other regions, wheie it distends the texture of the 
fibrils. The latter regions exhibit the properties of a sol. Granules 
penetrate the regions of the cytoplasm where the meshes between the 
fibrils are strongly disi ended. Amueboid movements ore produced by 
cytoplasmic currents when the latter reach tlie cortex and liquefy it 
reversibly in several places. Tliis conclusion is supported by the in- 
vestigations of Mnnn4 and Wicklund (105), who found that the 
shape of sea urchin eggs is changed in the most fantastic way under 
the infiuence of mcrthiolale. Tlicse amoeboid form changes are ac- 
companied by condensation of the cytuplasmic texture in many dif- 
ferent places, whereby the cnckylema is forced out and streamings are 
produced. The cytoplasmic texture is lacerated in the regions where 
. the enchylema is strongly accumulated. Thus, the great instability 
of the architecture of the cytoplasm is the cause of this kind of amo^ 
bold movement. 

In the central regions of finger-shaped pseudopodia the cytoplasmic 
fibrils are oriented in lungiludinal direction; and in the peripheral 
repon of these pseudopudia these fibrils are generally oriented in 
transverse direction. The cytoplasmic fibrils in the oontral’region are 
stretched and dehydrated, whereby water is exuded within the tips 
of the pseudopodia. Tills water is taken up by ^he fibrils of the pe- 
riphery region of the psoudopodla. These fibrils which lu^ usually 
oriented in transverse direction are alternately hydrated and de- 
hydrated. Their polypeptide chains b |9 iBtlheA’tO' be alternately 
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folded and unf aided. Therefore annular constrictions move in the 
direct ion from the tips to the bases of the pseiidopodia. These oon- 
strictibn waves have been inve!>tigat(‘d in detail by Holtfreter (72). 
Cell division is due to a similar mechanism. In this case two con- 
traction waves travel from the two opposite poles toward the equator 
of the dividing cell. 

Energy is rec]uircd to produce hydrating and dehydrating sub- 
stances vrhich regulate the degree of folding of the polypeptide chains 
of the cytoplaHiiic fibrils and the degree of condensation of the cyto- 
plasmic texture. Cytoplasmic streamings and amoeboid movements 
are produced when, upon stimulation, the eiiuilibrium between these 
two kinds of substances is disturbed. 

llie general contractility of the cytophism is similar to the con- 
tractility of the muscles. Nevertheless, importtint diifen'nccb also 
exist. The eytoplohmic fibrils are similar to crosb-striated myo- 
fibrils. Tlie polypeptide chains of the anisotropic bands of the myo- 
fibj'ils are stretched in the resting muscle and fnlderl in the contracted 
muscle. Energy is required to produce this folding. The polyjjep- 
tide chains of the cytoplasmic fibrils are folded in normal condition. 
The degiee of folding of the polypeptide eliaius of the cytoplasmic 
fibrils may In' either decreased or iiici“ea.sed under different physi(»- 
logic conditions. Energ\* i,s i-pquired to produee both changes. More- 
over, tlie general contractility of the cytoplasm is due not only to the 
folding and unfolding of the polypeptide chains but also to tbe con- 
densation and distension of the textuiv of cytoplobmic fibrils. The 
movements of cilia, flagella, and bpemi tails are also duo to some 
specific kind of folding and unfolding of polypeptide chains. TheM' 
movements represent a bp(’eial kind of contractility. 

1), IHIIITABILTTV yVMJ rONJUiCTtVITY 

The living cell is able to control its anabolic and cstabolic activities. 
Both activities may be either increased or decreased or modified in 
adaptation to changing internal and external conditions, llie chemi- 
cal reactions, underlying these activities may be induced, inhibited, 
accelerated, delayed, or modified. Moreover, various combinations 
of chemical reactions may be brouglit about. Under the influence 
of tills metabolism regular changes of the microscopic and submicro- 
scopic structure of the protoplasm are produced. Thus cyclic struo- 
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tural altcratioiiB iinderlyuig any ^xicific function are produced; 
moreover, varioue etructuroa are formed during embryologic develop- 
ment; while other otructures arc reconstitute during regeneration 
and modified in adaptation to changing eavironmental conditiona. 
There is strong evidence tlial tlie caiiibolic and anabolic activities 
are controlled by means of lipides. Substances related to lipides may 
produce a similar effect. A chemical reaction may take place only 
when lipides and siniilar su1a>tancc8, wluch separate tlie nucleopro- 
toins and the enzymes from the substrates of thinr activity, are tem- 
porarily removed. Tliis lipidc barrier may bo broken down and re- 
constituted again according to the needs of the living organism. The 
facts wluch suppoi't this theory are disouss(‘d below. 

Hofmeister (68) advanced the view that a grtrat variety of obomical 
reactions may procee<i .side by side in the same cell without disturbing 
each other because llie protoplasm is subdivided by means of thin 
films into numerous smaller regions. llemsUdn and Hober (65) con- 
cluded that upon stimvilutiou temporary holes are formed within the 
lipidc membranes eoveriug the cells. Lillie (80) olaimed tlmt all 
components of the protoplasm, also fibrils, are eovered by films, 
chiefly of lipide material, which may l)C temporarily broken down 
and reconstituted again during the activity oi the cell. He assumed 
also that nerve conduction is due to a similar reversible, rapidly trans- 
mitted, structural alteration of the surface film of niTve fil)eTB and 
constructed ingenious models simulating this phoiioinennn. More- 
over, it lias been su))posed that bionlectric rh 3 dihms arc associated 
with chemical rhythms, both being the cxpn'ssiou of changes occur- 
liiig witliin protoplasmic nicuibraues. Muralt (1U9) advanced the 
hypothesis that the choline arms of phosjihatide molecules may per- 
form oscillating movomeuts diii'ing neivo conduction. Lillie (80), 
Biedermaiui (9), and llunnstrom (125) claimed that lipides may pre- 
vent enzymes from breaking doivn their substrates. Alstorbcrg (1) 
assumed tliat lipides might bo broken down during nerve conduction. 

Lipides are present witliin the whole protoplasm, cytoplasm, and 
nucleus. Tlie rod-shaped lipide molecules are oriented perpendicular 
to the fibrillar const itiients of the protojilasm. Lipides h.ave lieen 
found to be present withm the chromidiu where most of the enzymes 
are accumulated. It is known that living uninjured cells are not 
attacked by hydrolyzing enzymes, in contrast to cytolyzed cells which 
are easily broken down. Autolysis takes place in the latter case. It 
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has been demonstrated by Pijiafil-Tjens and Loeb (see 83) that the 
separation of the lipidcs from the proteins is the most essential fear 
tore d cytolysiB. Even nuelcoprotcins are broken down in auto- 
lyzing cells (17). Thus^ it is evident that lipides prevent the proteins, 
particularly the nucleoproteins, from being broken down by the hy- 
drolyzing em^ies. No doubt, in living cells the nucleoproteins 
are separated from the hydrolyzing enzymes by means of a lipide 
layer, wliich is irreversibly removed upon cylolysis. 

It is known that tjlie rate of respiration of sea urchin eggs is fre- 
quency incrcaseil upon inciinent cytolysis (3(i). Later, however, 
this respiration is decri’ased because the respirators' enzymes are de- 
stroyed. BunnstrSm (122,123) and Uhnuin (111) demonstrated that 
the condition of the lipides is changed when si'a urchin eggs are fer- 
tilized. Simultaneously the rate of respiration of those eggs is in- 
creased. Tims, it is evident that the enzjTnes of the enDrgy->’iclding 
activities are also controlled by lipides.* Recently, Barron (3) ar- 
rived at tlie conclusion that; “I'lio rate of reaction oi isolated t)xida- 
tion enzyme systems is extremely high when compared with the rate 
of respiration in living cells. It must therefoio be controlled in the 
living cells.” These enzyme systems corresptmd to the ehi'umidia 
separated from minred cells. No doubt the rate of respiration of the 
isolated chromidia is gn^atly increased because lipides are, at least 
partially, lost w'hen these particles are extracted from the cells. 

lliuB, the above-mentioned facts prove that the activity of all cn- 
qones, including the enzymes of hydrolysis, respiration, and fermen- 
tation, is controlled by means of lipides. Evidently the enzymes col- 
lected within the chromidia are sepai’ated from their substrates by 
means of lipide molecules. It is supposed that upon stimulation the 
condition of the lijndes is changed. Probably the lipides are tempo- 
rarily pushed aw'ay from the surfaces of the enzymes. At this moment 
the substrates may come into contact with their specific enzymes. 
Chemical reactions, by which certain physiologic processes are re- 
leased, may take place, lire role of lipides in the living cell is similar 
to the role of lipide-solublc narcotics in the experiments of Warburg 
and co-workers (bW). These authors demoiistrated that oxalic 
acid and amino acids ore easily oxidized on the surface of charcoal. 
This oxidation is inhibited when the surface of the charcoal is covered 

* Several other mcchaiiiBinB of cnzvuir mhibitinn are known. They are not, 
however, conremed with the irritability of the cell. 
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by moleoules Ckf various niucotico which prevent tiio of the 

above-mentionod adds from coming into contact with the 

It has been demonstrated by Hdlbninn (59) and his studmits that, 
in a great variety of ceUs, stimulation is always accompanied by the 
release of caldum. Moreover, Barth (4) has advanced the view that 
caldum is bound to the lipoproteins of the cellular cortex. There is 
some evidence that within the chromidia the phosphoric add parts 
of the phosphatides and of other roinpounds, particularly ribonucleic 
add and respiratory coenzymes, are kept together by means of the 
bivalent cations caldum and magnedum. The carborod groups of 
proteins and the phosphoric add parts of phosphatides may also be 
linked together by means of Ihe above-mentioned bivalent cations. 
In this connection it is of interest to note that adenodnetriphospha* 
tase is a caldum-acti voted enzyme (for literature, see 117) which is 
intimately associated %vith myofibrils and cytoplasmic fibrils. It is 
assumed that upon stimulation the lipides ore temporarily separated 
from the proteins. The linkages between the phosphatides, caldum, 
and nudeoproteins are broken down. The calcium liberated upon 
stimulation must activate adenosinetriphusphatase and induce the 
complicated chain of chemical reactions underlying phosphorylation 
degradation of glycogen, glyculyds, and finally aerobic oxidation 
(respiration). Energy, necessary for the continual reconstitution of 
the cytoplasmic fibrils and for the folding or imfulding of their poly- 
peptide ch.iins, is released. The folding and unfolding of the poly- 
peptide chains of various fibrils is the essential phenomenon of a 
great variety of physiologic functions induced upon stimulation. 

It is supposed that the lipidc films covering the surfaces of enzymes 
are continuously aud very rapidly broken down and reconstituted 
again in a certain rh}dhm. These rhythmic changes, which go on 
even in resting cells, are strongly accelerated upon stimulation. Con- 
sequently it must be assumed that the activity of the enzymes and, 
in general, metabolism also proceed in a certain rhythm. Various 
substances of physiologic importance may be bound and released in 
a rapid rhythm. Tetanic muscle contractions and nerve conduction 
are good examples of physiologic functions proeseding in a rapid 
rhythm. No doubt organisms exist whicJi exhibit either a rapid or a 
slow metat)olic rhytiim. 

Nerve conduction is only a specialized form of the general conductiv- 
ity of protoplasm. This has been emphasized particularly by Lillie 
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(80). Chromidia, which exhibit irritability, are concatenated with 
each other by moans of interrhromidia. Therefore the metabolic 
pbetiiHuena that are displayed by chromidia may influence each 
other. Ihe changes which occur upon stimiilation are transmitted 
from one chromidium to tlio next, and so on. Conductivity, which is 
intimately associated with fibrillar structure, is a general property 
exhibited by all kinds of living fibrils. It seems that general contrac- 
tility and genenil conductivity are essentially the same phenomenon. 
Some facts indicate that not only lipides but also proteins are con- 
cerned with conductivity. Changes of the lipides and changes of the 
cytoplasmic polypeptide chains are probably intimately associatod 
with each other. It is supposed that upon stimulation tho lipides 
ore temporarily separated from the proleins of the cytoplasmic fibrils, 
and that in this moment the degree of folding of the polypeptide 
chains and the degree of hydration are altered. (Upon stimulation 
numerous varicosities appear on the thread-like pseudopodia of 
various rhizopods (59, page 540). It is plainly evidenced by this 
fact that hydration of the cytoplasm is altered upon stimulation.) 
This folding and hydration must return to the pn^vious state when 
the lipides are reattached to the proteins. This change of the. lipides 
and the polypeptide chains may be rhythmically transmitted along 
the cytoplasmic fibrils. This hypothesis is supported by the facts 
cited below. 

Bethe (8) has demonstrated that the protoplasm of the nerves 
Ijccomes acid upon stimulation. This acidity may be attributed to 
the nucleic acid (137). Large amounts of ribonucleic acid are known 
to occur within the cytoplasm of all nciu-oiis. lJyd#n (73) found 
that ribonucleic acid, which is concerned with protein sjrnthesis, 
partially disappears when nerves ore stimulated, imtil the animals 
used for the experiments are completely exhausted. This proves 
that not only lipides, but also proteins, play an important role during 
nerve conduction. Probably the polypeptide chains of the cyto- 
plasmic. fibrils are folded and stretched during nerve conduction. 
Disappearance and subsequent rcapi)earanco of ribonucleic acid 
prove that proteins are broken down upon excessive stimulation of 
the nerves and reHynthesized again upon recovery. It is probable 
Uiat, in nerves stimulated until the animals are exhausted, the poly- 
peptide chains are so rapidly folded and unfolded that they break, 
the broken polypeptide chainB being easily attacked by proteolytic 
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enrymes. Proteins are disintegrated probably because the lipides 
have been previously broken down. This is aupporfod by the fact 
that the mass of the Golgi apparatus which is known to contain 
Urge amounts of lipides is strongly decreased in injured neurons (for 
literature, see 30,64). No doubt, in strongly stimulated cells the 
breakdown and reconstitution of the living substance are strongly ac- 
celerated. 

Thus, it can be inferred from the above-mentioned facts that upon 
stimuUtion the nuclei c-acid-calciiun-lipide compounds of the nerves 
are broken down and reconstituted, this change proceeding along the 
fibrils with great rapidity in a certain rhythm, 'fhis must, of course, 
be accompanied by the temporary appearance of negative and positive 
electrical cliarges on the fibrils. Moreover, bioelectric currents have 
to be generated. The breakdown of the nuclcoprotein-calcium- 
lipide compound,s is probably accompanied by the temporary folding 
of the polypeptide chains. These chains must be stretched when the 
above-mentioned compounds are reconstituted. Thus, it seems that 
during nerve conduction lipide films arc broken down and reconsti- 
tuted; tills process may be aecompauied by very short folding waves 
of polypeptide chains moving rapidly along the fibrils (103). Feriiio- 
abilii y is always increased upon stimulation (65,661 . lipide-insolublc 
substances may penetrate the cell surface. The mechanism of these 
phenomena is discussed in the next section. 

Nerve conduction is generally compared to sucessive oiqsloslous 
occurring along a series of piles of gunpowder (for literature, see 50). 
It is governed by the all-oi^none law. Periodicity in tbe structure of 
fibrils is the prerequisite for this kind of transmission. The periodic 
structure of the cytnplasmic fibrils is proved. These fibrils consist 
of chromidia concatenated with each other by means of iuterchro- 
nudia. Energy from various organic compounds is released by tlie 
enzymes which arc accumulated witliin the chromidia and thcrefoi'e 
the latter arc comparable to gunpowder piles. Periodicity due to 
nodes of Ranvier (56) may be of si'condary importance for nerve con- 
duction. When an “explosion” is released within a certain chromid- 
ium the polypeptide chains of the adjoining intorohromidium maybe 
folded, thus causing the next chrumidiiim to explode, and so on. It is 
certain that nerve conduction is not a disturbance which grariually 
fades from tlie stimulated point. This kind of transmission would be 
possible only in fibrils that have an unporiodic continuous structure. 
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E. PERMEABILITY 

I'ermeability is the capacity of the plasma membrane to allow tixe 
transit of relatively small (noncoUoidal) molecules from the suzround- 
infi; medium into the interior of the cell and vice versa. There are two 
kinds of ponneability phenomena entiroly different in their nature: 
pa.ssive penetration and active transfer (for literature, see 66). En- 
prgy derived from cellular metabolism is necessary for the active tranS" 
fer of molecules across the plasma membrane or across the whole 
cytoplasm. In contrast to passive penetration, active transfer may 
be inhibited by narcotics. Passive penetration occurs without any 
cx])enditure of enei^. The passage of lipido-insoluble substances 
through the plasma membrane is chiefly due to active transfer. Only 
lipide-Bolublc substances and, to a certain extent, some lipido-insolu- 
ble bubstances of lovr molecular weight arc able to penetrate the coll 
passively. 

Lipides, which are present within the whole cytoidasm, are strongly 
concentrated within the cortex (see page 19). This fact accoimts 
for the quite general and m ell-known phenomenon, first clearly recog- 
nized by Mej'er and Overton (see GO), that lipide-soluble substances 
easily penetrate the cyto])lasm and accumulate there without any 
expenditun' of energy. Also some lipide-insoluble ions may, to a 
certain extent, penetrate the cell without metabolic intervention, 
e.g., when the Doiman equilibrium is brought about. Passive pene- 
tration is best explained by the lipide-sicve theory of Collondcr and 
B&rlund (for literature, see 66). The plasma membrane is regarded 
ns a lipide film pierced by numerous holes, which allow, to a minor 
extent, the passage of some lipide-insoluble substances. 

Energy is required for active transfer. There is some evidence 
that this enci^is releas(*d chiefly by carbohydrate combustion (66). 
Many stibstanccs, indispensable to life (umino acids, mineral salts, 
carbohydrates, etc.), are lipide insoluble and therefore tlieir uptake is 
entirely due t o active transfer. Tlie active transfer of lipide-insoluble 
substances proceeds most rapidly in growing, resorbing, excreting, 
and secreting cells. Hie mechanism by which the active transport 
is brought about is not known. Neveilheless, in this article on at- 
tempt is made to construct a hypothesis accounting for the phe- 
nomena observed and based on investigations dealing with the struc- 
ture of the cytoplasm. Active transfer may be best explained by a 
dynamic lipide-sicve theory. 
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InvcstigatioiiB doaliiig ^'Ui th® structure of the supetficial cyto- 
plasmic layer have been described on pages 17-20. In this section 
an attempt is made to explain active transf^ by regular and revers" 
ible structural alterations of the plasma membrane induced upon stim- 
ulation. It is obvious that the free penetration of lipide-insoluble 
substances is prevented by the lipides present within the plmpna. 
membrane. Lipido-insoluble substances may penetrate the plnfB"*- 
membrane only where lipide molecules are absent. Bernstein and 
Hfiber (65) explained the increase of permeability upon stimulaticm 
by assuming that temporary holes appear within the plasma mem- 
brane. Thus it may be supposed that upon stimulatimi the lipide- 
protein compounds of the plasma membrane are broken down and 
reconstituted again very rapidly in a certain rhythm, this change 
proceeding like a wave from the btimulated point. The metiiea 
between the protein fibrils repre^t the pores of the plasma mem- 
brane. The lipide molecules oriented pcipendicularly to the poly- 
peptide cliains prevent the lipidi^insolublc substances from penetrat- 
ing the pores. The lipide-insoluble substances may pass through 
the plasma membrane ouly in the places which, upon stimulation, 
are temporarily deprived of their lipides. Thus, it is assumed that 
the “doors" for the penetration of the lipide-insoluble substances 
are rhythmically opened and closed. 

The cortex and the plasma membrane are constructed of fibrils 
which probably eonrist of nucleic-acid-containing and nucleic-add- 
freo sections regularly alternating with each other. Enzymes of the 
energy-yieldmg aetivities are supposed to be chiefly associated with 
sections which contain nucleic arid. The rod-shaped lipide molecules 
are oriented perpendicular to the polypeptide chains of these fibrils. 
Energy, necessary for the arrive transfer of lipide-insoluble sub- 
stances, must be released when, upon stimulation, the nuclcopro- 
tein-calcium— phosphatide compounds of the plasma membrane are 
temporarily broken down. Under the influence of this energy a 
folding of the polypeptide chains of the fibrils constituting the plasma 
membrane may be induced. The polypeptide chainH may be folded 
when the nucleoprotein—calriiim— phosphatide compounds are tem- 
porarily broken down and they may be stretched when the above- 
mentioned compounds are reconstituted. A rhythmical increase 
ttnd decrease of the size of the pores of the plasma membrane may be 
brought about by the folding and unfolding of the polypeptide 
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rtimina Consequently yarious lipide-insoluble substances may be 
forced in and out of the cells. Thus, the general contractility of the 
fibrillar components of the cytoplasm may explain the active transfer 
of lipidc-iusulublc substances (104) . The enchyleiua, similar to blood 
in capillaries, is subjected to a continuously changing hydrostatic 
pressure, because the cytoplasmic texture is condensed in some regions 
of the cell and released in others. The colloidal osmotic pressure 
(46a) of the enchylema may be due ehiefly to albumins. Lipide- 
insoluble sultstanees miist be rcsorl^ed wherever, l)eneaih the cell sur- 
face, the hydrostatic pressiure is less than the colloid osmotic pressure 
and they must be excreted wherever the reverse occurs. 

There is strong evidence that lipides, particularly phosphatides, 
play the role of an isolating factor within the cytoplasm. They con- 
trol the piizymie iietivity and they neutralise, in association with 
other substances, the plectrieal charges of colloidal paxticles. The 
electrical charges of the fibrils of the plasma membrane are strongly 
reduced when the pboaphoric acid parts of the phosphatides and nu- 
cleic acids are kept together by means of bivalent cations, particu- 
larly calcium, Positive (calcium ions) and negative (phoKphoric 
acid) electrical charges must appear when, upon stimulation, the 
nucleoprotein-calcium- jihosphatide compounits an* temporarily 
broken down. These electrical charges may be important for the 
simultaneous absorption and active transfer of anions and cations. 
Water is boimd by the folded polypeptide chains when the fibrils 
are induced to contract. Thus, anions, rations, water, and lipide- 
insoluble noiiolct'trolytes may be bound by the fibriles t)f the plasma 
m(*mbranc when, upon stimulution, the mieleoprotein-CAlcium- 
phosphatide compounds are temporarily broken down. These sub- 
stances must be released when the above-mentioned compounds are 
reconstituted. 

Lipide-insoluble substanees which pass tlirougli plasma membrane 
are transported into the interior of the cell. These sul)sta)icos may 
be carried away by currents within the enehylcuia or they may 
migrate along the cytoplasmic fibrils. In globular cells the cyto- 
plasmic fibrils are oriented in any direction and, therefore, the above- 
mentioned substanees may migrate at random only. In resorbiug 
intestinal cells and in excreting kidney cells the cytoplasmic fibrils 
are oriented in one direction only. The import.ance of fibrils for the 
active transfer of lipide-insoluble substances is plainly evidenced by 
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this fact. In rcsorbing ccDb the lipide*iiisolublc eubstanoes ore ac- 
tively transferred in ihe direction from Ihe lumen to the base, n-'w*! in 
excreting cells in the opposite direction. Heidonhain (58) advanced 
the view that the water transport of excreting cells may be due to the 
short contraction waves of the fibrillar components of the cj^oplasm. 
The very short folding waves of the polypeptide chains may proceed 
within the fibrils. Anions and cations may be bound by these fibrils 
when positive and negative electrical charges temporarily appear 
upon the breakdown of the nucleoprotein-ealcium- phosphatide 
compounds. Water is bound by the polypeptide chains which ai’c 
indue(‘d to he folded. All the mentioned substances must be released 
when the nuch^oprotein-ealcium-phospliatide compounds are re- 
constituted and the polypeptide chains stretched. Anions, cations, 
water, and Upide-insoluble noneleetrolytes may be sueoessively bouud 
and released by the adjoining parts of the cytoplasmic fibrils and by 
this means transported in « certain direction. Several experimental 
investigators have aivived at the eonelusiou that currier 83ajtcms 
must be po,stulated in order to perceive the mc>ehaniam of active 
transfer (for literatiu'e, see 66). The albuinias of the cucbyleina, 
similar to the albumuis of the blood (for literature, see 27a), may ad- 
sorb a great variety ol lipidcHiisoluble suKstanees and therefore they . 
may lie of great impurtouee for the transfer of these substances across 
the cell. Short folding waves of cytoplasmic fibrils may induce the 
enchylcma to stream in a certain direction. 

It has been suggested tha( phosphorylation might he the prereq- 
uisite for the active transfer ol glueose (66). Thus, energy re- 
leased upon htimulution may be used in order to produce a reverbihle 
chemical change by which the penetration of lipide-insoluble suli- 
stances is highly fucilitalcd. 

F. DEFENSE MECHANISMS 

Any injury acts like a stimulus which increases the metabolic 
activity of the cell. Energy is provided in order to release a series 
of apparently purposeful reactions leading to reiiair of the damage. 
These apparently puiijoseful reactions ui-e due lO the ordered struc- 
ture of protoplasm. The cell is able to defend itself against any 
injurious effect wliich miglit be produced by various extenial agents. 
If the structure of the protoplasm is profoundly altered under the 
influence of these injurious agents, the capacity of purposeful reao- 
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tions is lost. Uapurposeful or detrimental reactions may be called 
forth. Injury may be pro<lucGd either by physical or chemical 
agents. 

A harmful effect maj^ be produced only by substances which are 
able to penetrate the cells. These nomous substances may be either 
noncolloidal or colloidal (virus, bacterial toxins, etc.). 

It is universally accepted that Golgi bodies and mitochondria are 
able to accumulate a grout variety of substances which penetrate the 
cells (for literature, see 64). Large amounts of substanees are pas- 
sively taken up by any eell. In most cases these substances are not 
uniformly distributed throughout the cytoplasm, as may easily be 
demoiuitrated if the lipido-soluble substances employed for the ex- 
perimonts ore dyes. Some of the dyes are selectively accumulated 
within the mitoehrmdria, otliers within the Golgi bodies, still others 
are distributed diffusely, but even in the latter case the respective 
dyes arc more intonhely taken up by the mitochondria and the Golgi 
bodies than by the ground cytoplasm. The distribution of the 
above-mentioned lipide-soluble substances depends upon their 
physicochemical properties, end therefore it is possible to predict 
how they will accumulate within the c}rtoplaan (92). Golgi bodies 
and mitochondria have certainly several different functions: one is 
the accumulation of various rapidly penetrating substances in order 
to protect the ground cytoplasm against their injurious effect. These 
substances may exercise a noxious effect on the enzymes present 
within the cytoplasm and on the structure of this cytoplasm. It is 
known that the cell is able to detoxify a great variety of poisons by 
chanf^g their chemieal composition. It would be of mtercst to 
know whether this process occurs within the Golgi bodies and the 
mitochondria. Some cells are able to take up colloidal substances 
to a certain e.xtent. It has been found that these colloidal substanees 
ore accumulated >Kithin the Golgi bodies and enclosed in vacuoles 
(for literature, see 64). It would be of interest to investigate whether 
poisonous colloidal substances (baeteriotoxins) might be rendered 
harmless by accumulation within the Gol{^ bodies. Both colloidal 
and lipide-soluble noncolloidal substanees accumulated within the 
Golgi bodieB are enclosed in vacuoles and cost off into the surround- 
ing (^oplasm. 

Even substances that are diffusely distributed are subsequently 
accumulated within vacuoles directly formed within the ground cy- 
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toplasm. Hie portioiis of the cytoplaem which are destroyed by the 
penetrating substances are always separated from the healthy cyto* 
plasm. They arc either enclosed in vacuoles or pinched (24). 
The Golgi bodies frequently decrease in sise or disappear in aoutety 
poisoned cells (see 30,102). Lipidcs may be released by the Golgi 
bodies in order to repair the injured ground (^oplasm. It is known 
that mitochondiia are very sensitive to changes in the osmotic pres- 
sure of the surrounding medium. Thus, mitochmidiia may protect 
the ground cytoplasm by taking up a certain excess of water in case 
the cells are subjected to the action of hypotonic media. Ail strong 
surface-active substances are known to be powerful cytolyzing agents. 
It has been demonstrated that these strongly surface-active sub- 
stances arc selectively accumulated within tUe cellular cortex (102). 
In contrast to narcotics, the strongly surface-active substances pene- 
trate the interior of the cytoplasm in very small amounts only. Ex- 
traneous coats covering the plasma membrane of any cell may pro- 
tect the cytoplasm against the detrimental effect of the above-men- 
tioned strongly surface-active substances. 

Largo amoruits of lipide are present within the nuclei (152), whose 
membranes arc freely permeable to a great variety of substances 
(24,90). In spite of those facts, the nuclei remain, as a rule, un- 
stained when the cells are immersed in solutions of lipide-soluble vital 
dyes. The cytoplasm only is distinctly colored. The possible ex- 
planation may be the insolubility of those dyes in the nuclear lipides. 
Stoneburg (152) found that there exist groat differences between 
cytoplasmic and nuclear lipides. The former consist of phosphatides 
with unsaturated fatty acids in their molecules, and the latter of 
phosphatides with saturated fatty acids only. Moreover, the 
amount of cholesterol is much larger within the nucleus than within 
the cytoplasm.* I'ho usual vital stains arc all probably soluble 
only in phosphatides which contain unsaturated fatty acids in their 
mcdecules. At any rate, it has been found that this bolds true for 
two of these dyes, namely, Nile-blue sulfate and Sudan III (74). 
Thus, it is possible that the nucleus is protectied by the different com- 

* From this fact it must be concluded that the funct'oii of the nuejeua may be 
iufloo&ced selectively only by Bubataureb which are weakly aoluble in phoboha- 
tidea with unaaturated fatty acids and cholcatcrul, but strongly euluble in pnoa- 
phutitjiM with uturaWd fatty acids and rhulcstcrul. Only the latter aubstanoea 
ma y he atrongly accumulated within the nucleus. It ia puaaible that mutationa 
may be experimuntally produced only by theue aubalancee. 
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podtiun of itb lipidos against the penetration of various poisonous 
Huhbtuncrs. This may be of great importance for the function of 
the nucleus (bco page 62). 

Fort'ign proteins, particularly bacteriotoxins and viruses, are 
knovin to be powerlul cell poisons. AU kinds of cells may be cyto- 
lyzed under the influence of these substances. Evidence has been 
presented tliat some of these substances are lecithinases (145). The 
latter arc able to product* cytolysis by disintegrating the lipide- 
protein compoimds of the affect ed cells (1 1 1 , 129) . Nevertheless, the 
cells are able to defend themselves against these colloidal poisons. A 
great variety of prot(‘ins may act as antigens by calling forth the pro- 
duction of antibodies (for literatun*, see 12,37,145). The poisonous 
effect of the autigenb is neutralized in some -a ay by the antibodies, 
llie latter aie also proteins, more accurately expressed, globulins. 
Probably any cell is able to produce antibodies to a small extent, at 
least intracellular antibodies against virus infection. Viruses are 
known to be inti acellular parasites. Nevertheless, certain cells 
have s)X‘cializc(l themselves in the production of large amounts of 
antibodies which are given off into the bloiMl. Strong evidence is 
accumulating that in the case ol veiU'biali's the c.elli» of the reliculu- 
eiidothclial system (macrophages) are concerned with the priKluctioii 
of antibodies. 'IlieHC colls arc known to engulf various colloids, also 
foreign proteins wliich may be pivsenl w ithin the blood. Moieov ei‘, 
evidence has been piovideil tliat the above-inenlioiied cells are im- 
plicated in the synthesis ol the blood plasma prob'ins, including glob- 
ulins. In this connection it is oi interest to note that antiluHlies 
have been recognized as being iniTely modified plasma glububiis. 
Sabin (133), injected into rabbits a dye- jiruleiu known t o be an anti- 
gen and traeed in various cells the dislributiou and fate ot this 
colored compound. She found that the dyi*-protein is aceumulated 
only within the macrophages, anrl tluit antibodies against the abov'i*- 
mentioned coloied compound an* pnxiuoed coincident with the time 
when the shedding of the superficial jiarts of the cytoplasm of these 
macropliHges is strongly aei'eleiated. It lias been inferred that both 
normal and antibody globulins originate from the part of the c^do- 
plasm of the macroiihages which is carried out into the blood. 

Antibodies are proteins. The production of antibodies means in- 
creased protioin synthesis within the macrophages. The phenomena 
assoriated with incrc'used protein sjmthesis in cells other than the 
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.&bov64n6ii1ii<iiiod hav<) been deecribed by Oaitporason. and collaboia- 
tore (for literature, see 42). It ih inferred from them investigations 
that the amount of ribcmwJoic acid present within the nucleolus 
and the cytoplasm is greatly inrreaKed in the macrophages which are 
induced to synthesize antibodies. Antibodies arc elaborated within 
the cytoplasm. (Cytoplasm is constructed of fibrils which consist of 
ribonueleic-acid-containing ehromidia and ribonuoleie-acid-free inter- 
chromidia regularly alternating with each other. Caspersson (18) 
presented some facta indicating that the intcrchromiuneres of the 
chromosomes consist of proteins of the globulin type. The same 
may hold true for the interchromidia. Protein synthesis is acceler- 
ated when the amount of rihom>cIeic acid present within the ehromidia 
is increased. Interchromidia should be regarded as the proteins 
which are elaborated hy ehromidia. It is supposed that both normal 
blood proteins and antibodies are synthesized by the ehromidia of 
the cells of the reticuloendothelial system. Consequently it must be 
assumed that interchromidia represent the site where the newly 
formed normal blood proteins and antibodies appear. 

Several hypotheses have been advaneed to explain the specific re- 
action between antigen.^ and antibodies (for literatui’O, see 12,145). 
The most satisfactory hypothesis is that there exists, to some degree, 
a stereochemical correspondence between antigens and antibodies. 
Antibodies are produced when protein syuthesis is modified under the 
influence of antigens previ»»usly taken up by the cells. The protein 
synthesis of the ehromidia may be modified only when contact be- 
tween the molecules of the antigens and the globulins of the inter- 
rhromJdia is established, llie stnictural adaptaUnn between anti- 
gens and antibodies may be gradually brought about when the latter 
are synthesized within the interchromidia. The role of the Golgi 
apparatus and of the mitochondria during the formation of antibodies 
is not known. Probably the amount of hot h cytoplasmic components 
is greatly increased, which ahvays occurs when cell activity is aug- 
mented. 


G. ANABOLIC ACTIVITY 

Many life phenomena can proceed independently of the nucleus. 
This is evidenced by the numerous investigations performed on non- 
nueleated ceUs (erythrocytes of mammals) and on cytoplasmic frag- 



56 


LVtmiKMamii 


menta experimeotally deprived of their nuclei (for literature, see 
13,55,153). In general it may be stated that catabolism and all life 
phenomena which are dependent upon it may be displayed by cyto* 
pUsms deprived of their nuclei. Catabolism, particularly respiration 
and fermentation, is exhibited even by minute cytoplasmic fragments 
of minced tissues. Irritability, nerve conduction, selective perme- 
ability, active transfer of lipide-insoluble substances, active contrac- 
tility, cytoplasmic streammgs, ciliary and amoeboid movements, 
etc., are independent of the nucleus. Even anabolic activity may 
proceed, to some extent, in the absence of the nucleus. Thus, syn- 
thesis of carbohydrates (carbon assimilation) and fats occur within 
cytoplasmic fragments which contain chloroplasts, but which are de- 
prived of their nuclei. It would be of interest to know whether the 
cytoplasm is also able to synthesize some unspecific oligopeptides, 
independently of the nucleus. Dipeptidases which are present 
vithin the cytoplasm in large amounts (Lindcr8tr0m-]jang, Bolter, 
Kopac, Duspiva, firachet; for literature, see 13) may play some role 
in these synthetic processes. Nevertheless, it is certain that the syn- 
thebis of cell-, organ-, and speeia»-8i)ecific proteins cannot be ac- 
complished without the participation of the nucleus. This may 
hold true for a variety of other bubstances. Embryologic develop- 
ment is a magnificent process of chemical byntheses directed by the 
nucleus. Therefore reproduction, growth, and difTerentiation arc 
impossible without the nucleus. 

The nucleus is the site of hereditary factors. The cytoplasm is 
relatively unimportant for heredity. Nevertheless, it is not imim- 
portont for the anabolic activity of Ihe cell. In this respect the cyto- 
plasm is no less important than the nucleus. The csrtoplasm cannot 
be regarded merely as a product of the syntlietic activity ol the nu- 
cleus. The growth of the cell is the result of mutual interaction be- 
tween all componeutb of the nucleus and of the cytoplasm. This is 
plainly evidenced by the fact that the nucleus which is deprived of itb 
cytoplasm does not grow and does not perpetuate itself; this is aUp 
true of the cytoplasm which is deprived of its nucleus. Evidently, the 
cytoplasm elaborates substances which are indispensable to the syn- 
thetic activity of the nucleus and vice versa. The substances elabo- 
rated by the c 3 doplaBm, independently of the nucleus, are probably 
simple and nonspecific. This may be the reason why the cytoplasm, 
although indispensable to anabolism, is relatively unimportant for 
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heredity. The nucleus is of paramount importance for heredity, 
probably because the substances synthesised virithin the cytoplasm 
under its direction are complicated and highly cell- and qieciea- 
specific. This specificity sssociated with an amasing variability is 
exhibited almost exclusively by proteins; the specificity of carbo- 
hydrates and fats being rather luiimportant. Moreover, it is known 
that various regulatory substances, such as hormones, vitamms, 
coenzymes, etc., are not species siiedfic. Thus, the nucleus is ^ 
site of hereditary factors because it direeb. the synthesis of the Mghly 
specific proteins. The specificity of life phenomena is due to the 
nucleus. It may be that nonspecific oligopeptides, independently 
elaborated by the cytoplasm, are Bynthesized into hi^y specific pro- 
teins under the influence of the nucleus. The above-mentioned oligo- 
peptides may be necessary for the aelivity of the nucleua Thus, 
the chief function of the nucleus is the direction of protein synthesis 
(13,19) and the elaboration of substances necessary for this activity, 
Protein synthesis is controlled qualitatively by the nucleus alone. 
Nevciiheless, there is some evidence that protein syntheds is oon- 
1 rolled quantitatively, not only by the nucleus, but also by the cyto- 
plasm. 

Protein muleeules are higldy complicated structures and therefene 
notions universally emploj'ed in comparative anatomy may also be 
of importance for protein chemistry. In comparative anatomy it is 
mstomory to distinguish between homologous and analogous organs. 
The former are of common origin but may be very different in func- 
tion. Tlic latter have the same function but are of different origin. 
Proteins may be dasdfied in a similar way. According to their 
physiologie role the luoteins may be classified into: sclf-i)eipotuating 
proteins (nuclcoproteiiis), enzymes, scleroproteins, contractile pro- 
teins, reserve pnrteins (yolk, etc.), protecting proteins (mucilages), 
defense proteins (antibodies), etc. The proteins of each group are 
analogous to each other because they have the some function. How- 
ever, they arc not identical with each other; they are species specific, 
they differ in the structure of their molecules and they ore widely dif- 
ferent in origin. The species spedficaty of prolmns gradually arose 
during phylogenetic d(?velopmcnt. According to their origin the 
proteins may be classified inlo the proteins of protozoans, coelenter- 
ates, ann e lids , molluscs, vertebrates, etc. Proteins of common 
origin are homologous, although their physiologic role may be very 
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diffprent. No doubt the structure of protein molerules is the expres- 
sion both of their fimction and of their phylogenetic origin. 

The functional differentiation of proteins takes place during em- 
bryolugie development. A gn‘at variety of proteins, very different 
in functions, are gradully elaborated. These proteins are species 
specific, like tlie proteins of the chromosomes and of the cytoplasm of 
the still undifferentiated eggs (sec 20). Preformation and epigenesis 
are two hypotlieses with which not only embryology but also protein 
chemistry are concerned (13) . The question arises whether all specific 
proteins are pieformed Avithin the egg and merely reproduced, or 
whether they are gradually synthesized during the development. An 
intermediate hypothesis seems to be most probable. Specific nucleo- 
protamines and nucleohistones preformed Avithin the nucleus may 
represent the starting point in the synthesis of specific and more com- 
plicated proteins (18,75). It is uniA'crsally accepttsl that embryo- 
logic development is a recapitulation of phylogenetic development. 
Therefore it is very probable that protein synthesis duiiiig the 
ontogenetic development is also a n^capitulation of protein synthesis 
during phylogenetic development. Needham (110) may have had a 
similar idea Avhen he wrote: “For both age and phylognu'tic status 
iuA'olve increased complexity and hence increased s])epificity, of pro- 
tein molecules as of morphological organization.” 

The mechanism by which protein sjuithesis is brought about Avithin 
the cell has been diaeJosed by the investigations of Caspersson, 
Schultz, ITyd^n, Brachot, el al. (for literature*, see 13,42). Only 
proteins associated with some kind of nucleic acid are able to in- 
crease their 0A\n substance and to reprotluce themselves. ITius, 
nucleic acid must be concerned Avith prol ein synthesis. Spiegelmann 
(147) has advanced the Anew that the nucleic acid may be the nec- 
essary source of energy for protein synthesis. Ribonucleic acid, 
elaborated by the heternchromatin, is stored Avithin the nucleoli and 
later transferred in some way into the cytoplasm. The amount of 
ribonucleic acid in the cytoplasm is increased and therefore protein 
synthesis is induced. No doubt this ribonueleie acid is taken up by 
the chromidia (and comparable components), which start to produce 
proteins. 

Protein syntbesis is induced by iho above-mentioned mechanism. 
Nevertheless, another mechanism must also be present by which pro- 
tein synthesis is depressed, controlled, and kept on a suitable level. 
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There ie atrong evidenco that not only tiie oatabolie but alun the 
anabolic activity oi tho cell is controlled by mrans of llpides and 
similar substances. It is possible that the described mechanism of 
protein synthosis is inhiliitod by lipides which are elaborated within 
the cytcqilaam and vhich penetrate tlie nucleus. Buorgy is retiuired 
for tho synthesis of living substance. Lijiides control tho ensymes 
oonoemed with the energy-yielding activities and therefore any change 
in the amount or the condition of tlic I'pides may eilher increase or 
decrease anabolic activity. Moreover, it is possible that lipides also 
control tliis anabolic activity by separating the niicleoproteins from 
the materials necessoiy fur chemical syntheses. Thus, protein syn- 
thesis may be tho result of a compromiM) between two antagonutio 
stimulating and inhibiting agents. Protein synthosis induct'd and 
accelerated by nueleie arid may be depressed by lipides and thereby 
brought 1 0 a suitable level . The lipido con t out is increased in tissues, 
particularly miiboles, whose activity is strongly intensified. The 
lipide rontent dj‘op.s, however, to the original level when the tissues 
hypertrophy as a result of iiieieused work (for literuture, see 10, pages 
250-257). lliis fact indicates that protein synthobis is brought 
about when the lipidt'b of tin' cell are subjected to some clionge. 
Probably protein synthesis is induced in the nbuve^entioned 
strongly stimulated tishues because the lipides are broken down more 
rapidly than they are reconstituted. 

It has beta) stressed by w'verul investigatow (forliteintui'e, see 64), 
particularly Maluczynska-Siiehcitz (SO) that Golgi bodies mid mito- 
chondria may play an important nilo in the proresst's of growth and 
chemical syntlieseb not necesbarily concerned with the elaboration of 
secretion pnaluets. There is strung evidence tlxat mitochumlria and 
Golgi bodies are centers of lipide synthesis. It ib pinbablo that phos- 
phaiides are eJiiefly elaborated by Golgi bodies uiid cholesterol by 
nutochondria (1 0 1) . Beveral investigators, particularly Parat (112), 
obsei-ved that “diffuse lipoids” ait* present in the vicinity of the Golgi 
apparatus. This may iudicut e that lipides ^^'ntheBizcd by tliis cellu- 
lar organ, are released, and diffuse out into the surrounding cyto- 
plasm. It is supposed that the lipides elaborated by Golgi bodies 
and by mitochondria arc taken uj) by tlie fibrillar constituents of both 
cytupluton and nucleus (104). Within the nucl(>UB the eyloplasinic 
lipides must be transformed into the specific nuclear lipides. Only 
phosphatides with saturated fatty acids iu their molecules were found 
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to bo present within the nnclous of various cells (152). In contrast 
to the nucleus, the cytnplssin rontiiins larRO omoiuits of unsaturated 
phoBphatidos (boo page 53). (lonfioquontly it must be assumed tliat 
the cytoplasmic lipides arc saturated after their penetration into the 
nucleus. Tims, it seems tliat juotoin sjuithosis is oontrolled quanti- 
tatively by the heteroehromatin and the nucleoli present within the 
nucleus, and by the Oolgi bodies and the mituchondiia present within 
the cytoplasm. 

The spoeificity of life phenomena is chiefly due to proteins, 'llus 
speeifieity is determined and inherited by genes whicli are transmit- 
ted from one generation to the other. Consequently it must be as- 
sumed that protein synthesin is (lualitatively controlled by active 
genes pmsent vilhin the euehrunmtin and abnost entirely absent 
within the hetei-oehnimalin. Under the iulluenee of these genes the 
specific proteins arc synthesized. I^hus, heteroehromatin seems to 
be concerned with the quantitative control and euchromatin with 
the qualitative control of protein 8ynlhe.sis. 

Embryologic development is the result of interaction between 
genes present witliin the nucleus and chromidia (and comparable 
components) present withiJi the eji/Oplnsm (13). Embryologic dif- 
ferentiation ennnot be due to any ])erinanent change of the chromcj- 
Bomes. 'Hiift is evidenced by tlu* fact that all colls of the embryo 
contain, as a rule, the same chniinosome set . Erabryologie diffeien- 
tiatioii is due tr> rhaiiges produced within the eyto]>lHhm under the 
influence of genes. Some of th(‘s«‘ chongi's arc permanent. It may 
ho that during embryologic development the chromidia mut,ate 
under the influence of the genes. I'hus, embryologic (particularly 
histologic) differejitiation may be, at least partially, the result of dif- 
ferential mutations of the chromidia. Tlie fate of cells and organs 
during development may bo determined by these chromidial muta- 
tions. This hypothesis accounts for the fact that colls may be tem- 
porarily dedilTerentiatod without losing thi‘ir specific character. 
This phenomenon oce,urs during mitosis and in tissue cultures. The 
specific cellular cinnpuiients and the specific pixiteins eliaracteristir 
of these eumponents arc completely broken down. Oidy identical 
nurapuneiits arc recunslitiited again. These components ui'e elabo- 
rated by the clu'omldia (wh: pugo 03) and therefore it must be as- 
sumed tliat dcteiminatiou Is dun to a peruiancut change in tlie ebru- 
midia. 
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Differentiated ogOs are temporarily dedifferentiated l)efore any 
cell division takes place. In normal growing tissues the spe^^tfic 
cellular structures are broken down before cell division and recon- 
stituted completely afterward. In cancer tissues specific cellular 
structures are also broken down before cell division but they are not 
at all, or only incompletely, reconstituted afterward. This proves 
that in cancerous tissues synthetic processes, particularly prot^ein 
synthesis, arc not only strcmgly intensified (21) but are also qualita- 
tively changed. It is obvious that in cancer tissues the capacity of 
reconstituting the specific cellular components and of resynthesising 
the specific proteins of these components is eitlicr strongly lmi>aired 
or completely lost. It may be that cancer is due to some specific 
mutation of the chroniidia. Graffi (50) demonstrated tluvt concero- 
genic substances ai'o accumulated witbiti the gn)und cytoplasm whore 
the chromidia ore present. It lias been emphasized by Loeb (84) 
that cancer is due to a permanent change of the cytoplasm similar to 
the dianges which occur during embryologic differentiation. More- 
over, lloddow (53) and Darlington (33) advanced the view that muta- 
tions of cytoplasmic corpuscles (plasmagencs) may lie the chief eauM* 
of caneer. 

Various substances elaborated by the genes may induce the chro- 
midia to mill ate. 'nic genes correspond to the chromomeres whii‘h 
contain jiroteinh and ihymniuicleic acid In association with lipides 
(.52). Moreover, it must be assumnl that various enzymes are pres- 
ent there. This is evidenced by the fact that thymonucleoproteins 
and lipides witliin the nueleus arc eonlinuoiisly broken down and re- 
constituted (02), wliich indicates that even the substance of the genes 
is continuously broken down and reconstituted. Any gene must 
have its specific metabolism. Genes act in different ways, probably 
because they produce different sulistauccs which penetrate the cyto- 
plasm and change its activity. Those substances may be degrada- 
tion products or derivatives of proti'ins, amino aeids, phosphatides, 
sterols, nucleic acids, etc. Tlie importaiiee of monoimeleotides for 
embryologic differentiation is particularly stressed by llinehet (13). 
Sex hormones may be regarded astlie end products of st(‘rol metab- 
olism of certain genes. In this conned ion it is of interest to note 
that cholesterol is prcbeut within the nucleus (152). The Milwtances 
elaborated by the genet may lie taken up by th«‘ ehioniidia. The 
latter may mutate when this occurs. A cluuige in the anabolic and 
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catabolic activity of the chromidia may result. Vorioua new com- 
pounds, particularly proteins and bioohomioal agents (coensymea, 
hormones, etc.), may be synthesized. Simultaneously new morpho- 
logic entities of the cytoiilasm may be constructed. 

As already stated above, the aompositicoi of nucleai' and of cyto- 
plasmic lipidcH dilfero greatly (152). This may facilitate the rapid 
diffusion of the lipide-solublc substances elaborated by the genes from 
the nucleus into the cytoplasm, and simultaneously prevent the pene- 
tration in oppoiSitc direction of similar substances eventually elabo- 
rated by the chromidia. This may be of great importance fur the 
function of the nucleus, ])artioularly for preventing the occun-ence of 
somatic mutations of genes during embryologie development and in 
general for keeping the mutation rate low. It is known that a high 
mutation rate is very diuigeroiis to multieellulai’ organisms, but not 
at all to microbes, which luive a tremendous proliferating power. 
Runnstrom (private communication) advanced the vicAv that deg- 
radation products of lipides, similar in their action to detergents, 
might be the substances which occasionally produce gene mutations. 

The substances by which embiyologic ilifferontiution is brouglit 
about operate from i\ithin (iutriusic substance’s) and from without 
(extrinsic substances). The fonner do not diffuse out from the cells 
by which they have been elaborated. Tlie latter diffuse out and act 
on other cells. Tliis explains the well-known fact that certain re- 
gions of the embryo induce altoratious in others. lioth kinds of sub- 
stance may produce either permanent changes by causing the chro- 
midia to mutate, ot simply inliibition or stimulation of the activity 
of tliesc chromidia. During embryologic development tJie action of 
different genes becomes manifest in different tissues and different 
organs. Evidently the susceptibility of the cytoplasm to change 
under the infhienee of extrinsic and intrinsic substances is gradually 
developed and differ) 'iitiutod. A change cannot be produced if the 
cytoplasm is not yet in a reactive state. The competence of the 
cytoplasm to react to various substano's is gradually differentiated. 
Rapkine and Needham (110) advanced tlic view that eveiy comp('- 
tence may be chanicterlzed by a specific protein. It may be that 
under the infliicnee of various suRstances the activity of tlie I'hromidia 
Ls either pennanpntly (mutations )»f the ehroraidia) or temporarily 
changed; but the chromidia ifspund only if certain siMHiific proteins 
have been S 3 mtheBized by the cytoplasmic fibiils. 
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SubstanoPB which diffuse from certain regions of the embryo may 
produce changes in others. Quantitative and (lualitative differences 
in the irritability of embryonic colls must be of primary importance 
for differentiation under the influence of these sub^dances. The 
selective effect of various drugs is a well-known phenomenon. Dif- 
ferences in the irritability are chiefly due to diffenmeesin the oonili- 
tion of the cytoplasmic lipides and lipide-protcin compounds. Un- 
fertilized and fertilized sea urchin eggs differ from each other in the 
condition of their lipides (111,123). This is the probable reason that 
fertilized and unfertilized eggs react differently to various drugs. 
Drugs which increase the rate of respiration of the unfertilized eggs 
may decrease the rate of respiration of the fertilized eggs, even when 
employed in the same concentration (44,125). For the same reason 
agents which indui'c growth in certain regions of the embryo may 
simultancotisly inhibit growth in others. Differential growth is pro- 
duced Enzymes, which produce the necessary energy for the syn- 
thesis of the protoplasm, may be inhibited in certain regions of the 
embryo and simtiltaneously stimulated in others. 

The polar and dorsovcntral organization of eggs is due to unequal 
condensation of the cjdoplasmic texture (2f<,9'^il01,12n This con- 
densation is strongly developed in some cases and weakly manifestedin 
others. The chromidia which are associated mth important en- 
zymes are also unequally di.stributpd (ribonucleoprotcin gradient, 
sec 13) because they arc intimately associated with the cytoplasmic 
texture. Theref iii-e the blastomeres resulting from cleavage divisions 
mu.st differ from each other, at least blight ly, in tho amount of en- 
zymes and cytoplasmic fibrils. These quantitative differences are 
the starting point of the qualitative differences which arise later (4). 
In sea urchin eggs, stratified by centrifuging, a gradient in the dis- 
tribution of the chromidia, which contain enzymes, is produced. 
The dorsovential axis of the larvae which develop from these eggs al- 
ways coincides with the axis of cpntrifugii»K (for literature, see 98) 
and with the experimentally produced chromidia enzyme gradient 
(98). 

It is probable that during the cmbryologic development the cjrto- 
plasmic fibrils are triinsfonned into thr* specific fibrils of differentiated 
cells, such as myofibrilf., neurofibrils, epithelial fibrils, etc. This may 
occur when the chromidia mutate under the influence of genes and 
when consequently protein synthesis is changed. It may be that 
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some of the chromidia are transformed into mitoohandria and Golgi 
bodies, as was long ago supposed by Goldschmidt (47,48). 

During morphogenesis various protoplasmic structurea aiO not 
only produced but also broken down. Nucleoli, nuclear membranes, 
spindles, and other structures may disappear. This is not necessarily 
due to enzymic breakdown. It is possible that these structures are 
disintegrated under the influence of substances which are siniilar in 
their action to acid detergents and which are temporarily released 
under certain physiologic conditions. Not only lipides but also pro- 
teins arc dispersed under the influence of acid detergents (102). 
Under the influence of similar substances lenEhshaped Golgi bodies 
may be transformed into spheres or fragmented into smaller globules. 
Erythroc 3 rtes are similarly changed under the influence of detergents 
(131). 

The differcntiid adhesiveness of embryonic cells is an important 
factor in morijhogenesis (70,156). Tlie cells adhere to each other by 
means of their cxtnineoiis coats which probably consist of specific 
proteins. It may be that these cells easily adhen* to each other if 
the proteins of their coats are identical, and that they do not adhere 
to each other if these protems arc diiTcrent. Tlius, the differential 
adliesiveness of cells may be the result of divergent protein synthesis 
occurring during development. 

Tlie similarity between memory and heredity has been stressed by 
several biologists (see 61). In this connection it is of interest to note 
that the cj’toplasin of nerve cells and the chromosomes of all kinds of 
cells are particularly rich in nucleic acid which is concerned witli 
protein synthesis. Thus, it is possible thot synthesis of specific 
proteins is the essential physical phenomenon paralleling memory, 
fantasy, and intuition. Tliis hy])uthesis is supported by the fact that 
protein synthesib occurs in strongly stimulated neurons (73) and that 
cells are able to "learn” to synthesize new specific proteins (anti- 
bodies, enzymes) . Possibly the structure of the proteins constituting 
the cytoplobuiic fibrils is changed during the fmiction of the neu- 
rons. Instincts are inherited probably because the specific mode of 
protein synthesis of the respective neurons is also inherited. It is 
proved that new mutations arise when the structure of the chromo- 
somes is changed. Moreover, it is possible that the apjEiearanoe of 
new ideas is accompanied by changes in the structure of the proteins 
of the neurons. It may be that the chromidia of the neurons mutate 
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Et any moment e new perception or e new concept Ericee in the mind. 
Theee cytoplaamic mutations may be the cause of a ])ennanent change 
in the protein synthesis of the brain. 
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It is happily a rare thinR to find in scioiitifio literature a vast body 
of writings so confusing and so mutually contradictory as those on the 
manifold activities of complement. Because of the lability of com" 
plcment (O') and its multiple make-up, experiments conducted under 
different conditions have often led to exactly opposite conclumuns, 
each correct for the special ciroumstonces involved. Moreover, the 
methods used in investigations on C' have usually been qualitative 
rather than quantitative, as judged by the strict criteria of analytical 
chemistry, and relative rather than absolute, so that results were often 
not expressed in measures of quantity or activity that had the same 
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meaning in different laboratories. Small wonder, then, that contro- 
verries raged unresolved, and that uncertainty could persist as to 
whether C', the wei^t of which in serum was tmknown, was actually 
a substance or merely a colloidal state of the serum proteins. 

No attempt will be made, therefore, in the present review to trace 
a path through the jungle of the older literature (56), although oc- 
casional hardy perennials will be dug up and dissected as the occasion 
warrants, Discussion will be concerned primarily with two parallel 
and independent series of investigations which, together, have con- 
tributed largely to a more modem and objective, although still woe- 
fully incomplete, understanding of the actual nature of complement. 
One set of studies, that of Ecker and Pillemer and their group was 
concerned with the isolation, in a state of purity, of the four recog- 
nised romponents of C'. The other, undertaken by the senior writer 
and his associates, was directed toward the quantitative microesti- 
mation of C' in weight units, so that the actual quantity of C' in 
serum might become known. Other aims wore the more accurate 
determination of the unit of hemolytic activity of C' and more reli- 
able methods for the estimation of the components of C' so that the 
mechanisms of complement fixation and of hemolysis might be more 
completely elucidated. Studies dealing with complement as a whole 
will be considered first. 

I. Analytical Microestimation of Complement in Weight 
Units and Its Consequences 

A. METHOD OF ANALYSIS 

In the last two decades application has been made in immunology 
of micromethods for the estimation of antigens and antibodies by 
techniques which conform to the rigid criteria of analytical chemistry 
and yield the result in weight units rather than relative titers (27). 
The use of these methods has resulted in the acquisition of a large 
body of precise data, notably on the precipitin and agglutinin reac- 
tions, the proposal of quantitative theories for these reactions (32), 
the isolation of analytically pure antibodies (34), and many other 
practical consequences, such as (36). 

An obvious extenaon of these methods to the study of C' presented 
difficulties. Because of the accuracy with which specifically pre- 
cipitable nitrogen could be measured, attempts were made to extend 
the quantitative precipitin method (33) to the measurement d. any 
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actual uptake of C' in antigen-antibody combination. It was con- 
sidered that any difference between the amounls of specifically pre- 
cipitable nitrogen found in the presence of active C' on the one hand, 
and in the presence of inactivated C' on the other, might serve as a 
measure, in milligrams nitrogen per milliliter, of C' as defined by 
Muir (56a), or of the combining components (d a more complex C'. 
Only after many trials was it realizeil, however, that specific precipi- 
tates were capable of combining with far more C', in volume units, 
tlian had ordinarily been supposed, and that relatively lai^e volumes 
of guinea pig scrum would be needed if a weight unit for C' were to 
be established with any degree of accuracy. Details of the method 
arc to be found in the papers of lleidclbcrgcr et al. (28,39). Accu- 
rately measured volumes of antigen and antiserum dilutions in tripli- 
rate are separately mixed with saline, with heat-inactivated C' (iC')* 
and with an accurately measured volume of fresh C'. Control por- 
tions ore also set up with C' and antigen, C' and antiserum, iC' and 
antigen, and iC' and antiscnim. The inmnme s>'8tem in saline servos 
as an additional control on the coropleteucss of inactivation of the 
iC'. A typical protocol and result are shown in Table I (28). 

TABLE I 

Estimation or C' Nitbogbn in 5.0 Milliutebs or Guinea Flo Serum (2B) 


Number of tubes 


RsagenU and rssults 

2 

1 1 

1 

2 

3 

3 

3 

C', ml. 

5. Of 



■ 



Qifl 

iC , ml. 


IM 

5 0 

M 


s.o 


Herum dilution, ml. 

l.Ot 

mm 

1 0 

ED 

1.0 

1 0 

1 0 

wS Hit dUution, ml. 




HI 

1 0 

1.0 

1.0 

Saline, ml. 

u 

mm 

1 

WM 

4 








rO.392 

0.422 

0 570 

N ppUl., mg. 

0 006 

0.012 

O.OIG 

0 

<0.388 

0.416 

0.574 






lo.38G 

0.420 


Mean 

0 00!t 

0 010 




0.674 

Subtraction of blank. 





0 


0.009 

Specific N pptd., mg. , 




. ■ . 

mm 



Subtraction of iC' scries value. 



— 

nn 

nn 


O' N pptd., mg 







■ 

■ 

0 16 


* Hemolytic mills left in C' HupemaUnta, 40; tAken, 1250. 

1 0.9 of thijHc quantiiit*H actually usc'd in the second blank tube. iC' » C' 
inactivated 50 niinutus at 56 IVpc HI antipticumococcufl rabbit sonim was 
used in 1 : 10 dilution, containinfir 0.7 mg, antibody nitrogen per ml. 

t S 111 specific polysaccliMdo of type III pneumococcus, 0.028 mg. per ml. 
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It appeared possible, however, that the increased nitrogen mi^tbe 
due, not to the aetive C' that disappeart'd from solution during the 
precipitation, but to an inviidble, noncentrifugable nitrogenous com- 
ponent of guinea pig sonun which bore no relation to C' and which 
dissolved irreversibly when tlic serum was inactivated by heating at 
5Q°C. In order to test this possibility guinea pig serum was filtered 
through Gradocol membranes of 700 mp average pore diameter. 
There was little loss of C' activity. The filtration ^ould, of course, 
have removed any suspended solid such as the hypothetical substance 
in question. In spite of this, even more nitrogen was added to a 
smaller quantity of specific precipitate by the active C' used in tliis 
instance (28). 

The possibility was also tested that th(‘ added nitrogen might not 
be due to C' itself, but to an easily adsorbable soluble substance 
capable of adding t o any precipitate formed in the solution. Specific 
pivcipitates from antipneumoeoccus horse sera do not fix C' (84), 
but their general bimilarity to the rabbit precipitatoh made it appear 
possible that any easily adsorbable substance would be removed inde- 
pendently of the C\ Then, if the C' remained, and w’ere specifically 
bound by an antigen-rabbit antibody precipitate formed in the supci- 
uatont any added nitrogen woidd seem more rigorously (iue to the O' 
itself. It was found (28) that practically identical quantities of ni- 
trogen w ere precipitated by S I (H I = specific polysaccharide of type 
I pneumococcxis; Fn = pneuino<u>ceu.s) from active and inactivated 
C'-anti-Pn I horse sei-um mixtures, a behavior in iJiari) contrast to 
that of the S III-anti-8 III rabbit system. 'That suitably prepared S I 
absorbs C' with rabbit anti-S f had already boon shimm (84 b) and this 
was confirmed with the preparation used. Iho egg albumin rabbit 
anti-egg albumin precipitates (nimed in the second half of the experi- 
ment sliow'ed a difference between the active and inactivated C' 
tubes entirely comparable with that in other experiments, so that the 
nitrogen difference seemed definitely due to the active O' taken up. 

The C' and, partjeularly, the iC' used in the analytical studies were 
stabilized by storage overiiiglit in the refrigerator and centrifugation 
before use. In this way appreciable precipitates wliich often formed, 
especially in the if', were avoided, and the total nitrogen precipitated 
from the iCV tubes, after deduction of the appropriate blanks, was 
rarely more than 0.01 to 0.02 mg. greater than was precipitated from 
the immune system dilutions in saline. It seemed reasonable, there- 
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fore, to aecribe the differencr betv'oen the and iC' values to C' 
nitrogen. This has been cliallengcd, however, on the ground that iC' 
adds relatively large and variable amounts of nitrogen to specific 
precipitates (60). However, in the work of Pillemer et dl. just cited 
(60) C' and iC' were not stabilized beftne use, nor is there evidence 
that controls were run without immune system in order to correct 
for any instability. It would also appear from the first table of their 
paper (60) that the nnalytieal error was at least 10%. It would, 
therefore, seem justifiable to continue to accept the diflerence in 
nitrogen between the (V uud iiV scries as a measure of C'. It is, 



Fig. 1. Cumpli'mcul iiitroiwn as a fuui'tlon of the volume of 
guinea pig serum used (28). 


however, properly slated (00) that the nitrogen added to specific 
precipitates may be considered a true meaMue of iy only if the value 
is accompanied by data on the extent of uptake of the components of 
Under the conditions recommended in the quantitative method 
(28,39), tiptake of C'l and C'4 was practically complete, usually from 
90 to 100%, while that of C'2 and C'3 varied from 50 to 90% (29, 
and unpublished results). While the methods used by Pillemer, 
Heidelberger, and ivspective co-workers (29,00) for the estimation of 
the components of C' were faulty, there is agreement that the nitro- 
gen uptake is furnished largely by C'l and CV4, so that properly nm 
and properly controlletl measurements of the nitrogen contributed to 
specific precipitates by C' may properly be used as a measiue in 
weight units of C' that is independent of the hemolytic activity. 
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Although tho hemolytic activity of C' may be aboli^ed by heatmg 
for five mimiteB at 56°C., guinea pig sera treated in this way still 
added about 40% of the usual quantity of nitrogen to specific precipi* 
tates. Heating for 45 to 50 minutes was usually necessary to abolisli 
the fixation of nitrogen within the limits of error of the method. 

Unfortunately, possesfflon of a method for the measurement of C' 
nitrogen yielded to specific precipitates by a given volume of guinea 
pig serum does not immediately permit the calculation of the quantity 
of C' per milliliter of serum. Comparison of a large number of 
anal 3 rBcs (Fig. 1) showed that the larger the volume of C' taken, the 
less was the nitrogen taken up jM'r milliliter. This apparent solubility 
effect, which will be discussed in connection vseth C' components, 
necessitated a rough extrapolation to zero volume and, when this 
was done, most of the values of C' nitrogen lay between 0.04 and 0.06 
mg. per ml. 0.05 mg. nitrogen may therefore be considered as the 
best available average value, by direet analysis, of U' nitrogen per 
mUliliter of fresh guinea pig siTiim. 

Similar analyses carried out with human (37) and 'K’ith bovine (3) 
sera led to comparable values, although the hemolytic titers of these 
complements are less than that of guinea pig serum. As will be seen 
later, the lack of parallelism between the values of C' nitrogen and 
hemolytic titers is due to differences in the spectrum of components 
in the three complements. 

B. ANALYTICAL MIOROESTIMATION OP IIEMOLYHINB 
IN WEIGHT UNITS 

Hemolysin in antisera has usually been estimated by "titer," 
hence knowledge of tlie mode of action of hemolysins on red cells 
and of the quantitative relations of hemolysins to erythrocytes and 
C' has been difficult of access. This is not only because of the com- 
plicated and sensitive nature of the reactions and their components, 
but also because methods of assay yielding end "titers" are, token 
alone, without significance as to the actual weights of the reactants, 
since end "titers" are often in opposite ratio to the actual quantities 
involved. "Titers" depend upon the relative proportions in wliieli 
the camponents of a given system interact, as well as upon the abso- 
lute quantities present, and are only iuteri)retable, on passing from 
one reacting system to another, when reacting proportions as well as 
quantities are known. In the hemolytic system, since only "titers" 
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at the oomponents could be eetiiaated in an effort to determine the 
very quantities which would necessarily have to be known before 
**titerB’' could be interpreted, lack of theoretical progress in this field 
is readily understandable. 

In the present method quanUtative measurements are made of 
total antibody in hemolytic antisera (40) much as in the quantitative 
agglutination procedure (30,2,77). Sheep erythrocyte strennata ore 
washed to minimum solubility with saline. Accurately measured 
volumes of the suspensiun, in duplicate, arc added to the hemolytic 

TABLE II 

Abbobftion of Antibody in ANTiaHECP Cell Hemolybin by Sueep Stromata 
SuSPiONSlONB PER 1.0 MlLULlTER UnoTLItTED SlHUM AT OT. (40) 




Fhat 

Beoufid 

Thud 




Hemo- 

abHorption 

abHorpUoii 

ebqui lilion 


lytio 
titer -f- 
anti- 

Berum 


Aotir 

lleino- 

Auti- 

IIdiiji)- 

.\ntU 

HemtH 


titer* 

body 

lytio 

body 

lytio 

body 

lylir 





N, mg. 

titer 

N. mg. 


N, nig. 

titm 


N 

Li 

1200 

0.24 

<30 

0.05 

<4 

0 


0 20 

4100 

Lf 

2500 

0.11 

<120 

0 

<c 



0 n 



3000 

0.71 

>240 

0 11 

>240 

0 

100 

0 82 

3500 

2000 

0 48 

<24 

0 03 

<12 



0 51 

3000 

Si 

1200 

0 36 

130 

0.10 

30 

t 


0 46 

2600 

Si 

760 

0.20 

00 

0.02 

40 


24 

0 24 

3000 

7.60i ' 

600 

0.18 

<15 

0.07 

<5 

0 02 


0 27 

2200 

7 62. 

1400 

0.24 

15 

0 08 

<5 

0 01 


0 83 

4200 

7 66. 

1700 

0 29 

]5 

0 01) 

<5 

0.02 


0.40 

4300 

7.B3i** 

10 

0.09 

0 

0.01 

0 

0 


0 10 

100 


* The titratioDB Kiven arc the reciprocals of the dilution at which the sera 
oomplctely hemolyzed an equal volume of 5% sheep red-cell Auspension in the 
prosenoe of two units of guinea pig complement and are thus independent of the 
volumes chosen so long as this relation to the red cells is maintained. The anti* 
body nitrogen estiiuatinns are calculated to 1.0 ml. of the undiluted scnim. 
t Pony seJTuu. 
i Dctermiiialion lost. 

** Rabbit injected subculaneuualy with stromata. 


sera, diluted with saline, mixed, and allowed to stand 48 hours in the 
cold. Visible agglutination usually occurs. lUanks, oS serum alone 
and duplicate portions of stromata, are also run. After centrifuga- 
tion the residues are washed three times with chiUed saline and 
analyzed for nitrogen by a modification of the micro-KJeldalil 
method. Analysis of the scrum supernatants is repeated until ab- 
of Antibody is complete. A summary of typical data is 
given in Table TI. 
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Two factors combine to limit the utility of the method for its orig- 
inal object, and both tend to make the results somewhat too high. In 
spite of thorou^ washing of the stromata small quantities of soluble 
material (ab(»ut 0.04 mg. nitrogen) were invariably found in the wash- 
ings from the blank tubes. At least a portion of this material gave 
precipitin reactions in the antisera, but since it is unceitain whetlier 
or not similar amounts were washed out of the stromata-antiscrum 
residues no correction has been made for this effect. It is therefore 
posriblo that the antibody nitrogen values found are too high by all 
or a portion of the nitrogen washed out of the controls. Stromata 
heated after the washing process (46) are more eawly centrifuged and 
appear to be slightly loss soluble, but their antibody-binding capacity 
is too low. 

Hie second limiting factor is that the method, strictly speaking, is 
one fur the est.imatioii nut of hemolysin but of total antibody in the 
hemolytic antisera. Even washed dicep cell stromata are complex 
collections of antigens and only one or a limited number of these pre- 
sumably gives rise to tnie hemolysins. ' The remaining antibodies 
stimulated by injection of ceUs or stromata into rabbits add to the 
stromata suspension when this is mixed Avith antiserum or to red 
cells, but probably take little part in homolysis. This is probably the 
chief reason for observed discrepancies in the values given below for 
the quantity of nitrogen in the hemolytic unit. According to these 
values the antibody nitrogen figures may exceed true hemolysin 
nitrogen by a factor of 10 to 100, althougli the numbers are not to be 
taken too literally on account of the different units and end points 
compared. In spite of this, there does appear to be a fair propor- 
tionality between total antibody nitrogen content and hemolysin 
titer in rabbit unti-sliecp hemolysin, os already noted (12) on a dif- 
ferent numerical basis. If one excludes the serum of the suhcutoiie- 
ously injected rabbit and one other commercial rabbit serum, L*, 
that was enlm'ly out of line, ten anti-sheep cell and anti-stromata 
rabbit sera shovred a titer: antibody nitrogen ratio of B500 db 600. 
In other words, an antiserum which, at a dilutiou of 1:8500 just com- 
pletely hemolyzes an equal volume of 5 % sheep red ooU suspension 
in the presence of 2 units of C', should contain, mthin about 20%, 
1 mg. antibody nitrogen pei ml. None of the sera examined con- 
tained as much antibody nitrogen os this in a single milliliter. On 
this bans it mi^t be reasonable, both from the standpoint of pur- 
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ve!}ror and purduuser, to adl and buy hemolytic antisera by the milli- 
gram of total antibody nitrogen, rather than on the basis ot units 
which might vary considerably from laboratory to laboratory and 
which provide no inkling of the actual antibody content. Attempts 
have previously been made to define a weight unit for hemdlysin by 
purification and isolaticm of the antibody. Locke, Main, and 
Hirsch (48) purified rabbit anti-sheep cell hemolysin and found 0.007 
y of nitrogen per hemolytic unit in their best preparation. Brunius 
(9), using the Forssman antigen for selective extraction of the hemoly- 
sin, found only 0.0002 y of nitrogen in a smaller hemolytic unit. In 
both laboratories the pn'parations isolated usually eontained ten 
times as murh nitrogen per unit. Bnunus’ value probably represents 
the actual hemolytic antibody unit more closely than that of Locke, 
Main, and Hirsch and that now reported, 0.03 y nitrogen (calculated 
from the figure's in Table II for 0.1 ml. hemolj'sin dilution). The lat- 
ter, however, have the advantage of giving an insight into the ac- 
tual weight of antibody deposited on the red cell from rabbit anti- 
sera. 

In the use of data obtained by the new method for a consideration 
of the relation between hemolysin, red cells, and C' in the process of 
hemolysis it mu.st be remembered that the antibody nitrogen values 
are maximal and can only be used as hemolysin nitrogen as a first 
approximation, subject to corrt'Clion by a factor still to be deter- 
mined. The 1 otal ant ibody nitrogen is of us(‘, however, for an under- 
standing of the hemolytic process as actually carried out, for all of 
the antibody combines with the red cells present and also plays a 
major jiart in tlie fixation of C' (40). Witli values established for C' 
and hemolysin nitrogen in milligrams per milliliter, several calcula- 
tions of general interest became possible for the first time. The 
first of thesi' to bo considered will be the relation lietween O', hemoly- 
sin, and the red cell. 

C. lUiLATION BETWEEN COMPLEMENT, HEMOLYSIN, 

AND RED CELLS (42) 

The rabbit anti-sbeep cell hemolysin used in the experiments given 
in Table HI and Table IV contained 0.37 mg. antibody nitrogen per 
ml. (40). In each instance an equal volume of 1:1250 hemolysin 
dilution was added to a 5% sheep red cell suspension. 0.2-ml. por- 
tions of senritized cell suspension were used to determine the smsfiest 
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amount of guinea pig serum permitting complete hemolysis. The 
data obtained, including cell counts and derived oalculatiaus, are 
summarised in Tables III and IV. 

In the paper of Heidelbergcr, Weil, and Treffen (42) the moleeiilar weight of 
hemolysin was taken as 150,000 by analogy with other antibodioe in the rabbit 
(88,75). Sinoe the value of 900,000 now appears more probable (58) the figures 
in Table III and IV have been corrected areordingly. 

As the hemolytic reaction is ordinarily carried out, it is evident that 
far more C' than hemol)^ is present. Ilie latter may be considered 
largely combined with the red cells in the experiments summarised 

TABLE III 

PnOFOBnoNB or Hsuolybin, Coupi.eiiieht, and Rico Gxllb 
IN Ueuoltbib (42) 


Experiment number 



1 

2 

3 

C' N^ml. niinea pig serum, 7 

I^ractioii of ml. for complete hemolysis 
of 0.2 ml, sensitized cells 

C' N necessary for complete licmolysiB 
of sensitized cells, 7 

C' dobulin necessary for hemolysis, 7 
Molecules of G' necessary for hemoly- 
sis* 

Hemolysin N combincd/ 0.2 ml. sensi- 
tised cell suspension, 7 

Hemolysin globulin usra for sensitiza- 
tion, 7 

Molecule of hemolysin used for sen- 
aitizationt 

Number of sheep rod oellB/Q .2 ml. sen- 
sitised suspenaon 

Molecules of C' available for hemolysis 
of single rod cell 

MoleculeB of hemolysin combined with 
single red oell in sensitization and 
hemolysis 

50 

0 004 

0 20 

1.26 

6.1 X 10 '* 

0.03 

0.19 

1.2 X 10“ 

3 X 10* 

17,000 

400 

50 

0 004 

0 20 

1.26 

6.1 X 10“ 

0.03 

0.19 

1.2 X 10» 

2 X 10* 

26,000 

600 

50 

0.005 

0.25 

1.58 

6.4 X 10>» 

0 03 

0.19 

1.2 X 10“ 

2 X 10* 

32,000 

600 


* Tho molecular weight of C' is tentatively considered that of C'l, 150,000, as 
found in tho work of Pmemcr et al. (63). 

f The moleoular weight of hemolyBin produced in the rabbit ie approidinately 
900,000 (58). 


in Tables III and IV, since only twice the minimum sensitising quan- 
tity was used, but it seems probable that C' was present in excess. 
Possibly only an amount equal to the hemolysin, or a small multiple 
of this amount, entered into actual combination with the senatised 
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cdls (Boe 68; abo the effect of volume, page 96). Because of the rda> 
tivdy laige quantity of C' it is posuUe that C' as a whole does not 
function ensymically in hemolyais. 


TABLE IV 

Rbiaxion of IfaifoLTam to Rod Cell Sdbfacb (42) 


Type of elUpaoid 
ua oroM oeotlon 
ueumed for hemo- 
lynn moleeule 

CroM 
aeciionol 
area of 
hemolyiim 
molecule, 
cim> X 10»t 

Totel oroea 
eeotional 
arc« of 400 
bemolynlii 
moleculea, 
Dm.« X IQu 


Total erofli 
eeotioiiBl 
area of OOO 
hemolsriiiii 
moleoulee, 
om.1 X 1D» 

Red-eeU 
surface 
ocoupled 
by 600 
hemolyafii 
molcDulefi, 

% 

Prolate, elliptical 


21 


82 

0.7 

Prolate, circular 


2.2 

■61 

3.3 

0.07 

Oblate, elliptical 

0.0018 

4.3 


6.6 

0.13 

Oblate, circular 

0.0210 

50 

mm 

77 

1.6 


* AveraRe sheep cell radius 2.6 X 10~^ cm. (69) ; cslculatod by formula 2, 
reference 67, in simplified form, area - 5/12 A* in which A « 1 /2 cell diameter 
area of sheep red oeO — 2.8 X 10 ' ' cm.* As has been called to our attention 
since publication of the ori^nal table by I’rof. Felix Haurowitz, the preceding 
calculation is bspd on a muprint in the paper written by £. Ponder (oT). Thu 
value for area snould be 51 X 10*' cm.' which strungthens the conclusions of 
Heidelberim et al. (42) as to hemolysib by an additional eightoonfuld factor. The 
new value has been usiKl above. 

t Calculated with the aid of the following data: asymmetry factor 1.5, partial 
volume 0.745, as for other rabbit antibodies (38,75): For prolate cases, ratio of 
axes 1:10, for oblate cases 1:12 (75, Table IV). The assumption is made that 
2400 and 3700 molecules of molecular wciglit 150,000 would occupy the same area 
as 400 and 600 of molecular weight 600,000. 

The data regarding the antibody molecule (38,75) are such that an 
uncertainty remains regarding its shape. The experimentsl value 
for the frictional coefficient or asymmetry factor permits the calcula* 
tion of molecular ai'eas on the assumption of either oblate or prolate 
spheroidal shape. The area occupied by such molecules on the red- 
cell surface would depend upon tiieir attachment in either the endwise 
or lateral position. In Table IV calculations of the occupied surface 
are pven for each petition of the oblate or prolate spheroidal mole- 
cule. Intermediate positions are also conceivable. Depending, 
then, on which calculation is used, the experimental data indicate 
that rou^y from 0.04 to 1.6% of the sheep cell surface is occupied 
by hemolysin under the conditions employed. Since two "units*’ of 
hemolysin were actually used, complete hemolysis is possible with 0.02 
to 0.8% of the cell surface combined with antibody. While these 
figures should not be taken too literally they do at least indicate by 













82 


laCHAEIi maDEIiBBBOEB AND MANnOa) H. NAYSB 


roughly two powers of ten that sensituation need not involve a coat* 
ing of the entire red-oell surface. The findings are tiierefore in ac- 
cord with the “key spot” theory of Abramson (1) in that only a small 
portion of the cell surface is involved. 

Brunius (9) has ealculated the number of the Forssman antibody 
molecules required to sensitize a single rod cell for hemolysis, finding 
the number as only thirty and the fraction of red-cell surface covered 
os 0.001%. The area calculations were made on a different basis, 
but the number of molecules of hemolysin was calculated from a single 
preparation which showed about ten times the activity per y nitrogen 
as foiu otlier lots isolated by Bmniub, the best preparation of Locke 
and Hirsch (48), and our oum sera, judged by their antibody content. 
When it is considered that tlie 400 to 600 molecules of lieraolytdn indi- 
cated in Table III represent double the number necessary for com- 
plete hemolysis, and that Brunius used 90% hemolysis as the end 
point, the agreement among the leas active preparations is moder- 
ately close. Hon ever, sheep red-cell stromata may contain a number 
of antigens. Wliile the antibodies resulting from the injection of 
these autigens into rubbit.s ore capable of combining with stromata it 
does not follow that all of the antibodies actually prepare the cell 
for hemolysis. The one residt used by Brunius for his calculations 
may therefore be the more significant for the process of hemolysis 
itself, while the larger number of molecules found in the present ex- 
periments represents combination between the red cell and total anti- 
body under the conditions of the hemolytic test as actually carried 
out with rabbit hemolj'sin. 

The mechanism of hemolysis will be taken up again in another con- 
nection. 

D. RELATION BETWEEN COMPLEMENT, ANTICEN, AND ANTIBODY 

While the experiments already cited are of limited application in 
the study of immune hemolysis they furnish a more complete picture 
of the uptake of C' in certain immune reactions. 

It was shown (28) that 40% of C', by weight, could be added to 
antigen-antibody precipitates with maintenance of volumes of the 
reacting components at levels convenient for precise analytical 
measurement. However, it was scarcely feasible to det ermine by this 
procedure the maximum amount of C' capable of reaction with kaown 
quantities of antigen and antibody. Instead, the usual technique 
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of the C' fixation test, with its great ddicaoy and reproducibility 
under strictly controlled conditions, appeared capable of affording 
the necesaaiy information, and could be used to doiennine at the same 
time the lower limits of reactivity and the combining proportions of 
the reacting components. By the use of antigen and antibody solu- 
tions of known content and with the aid of the values fur C' obtained 
by Heidelberger (28), the actual quantities of antigen, antibody, and 
C' could be calculated in weight units for each dilution and mixture. 

Details of the e:q>eriments have been given elsewhere (42). A 
typical protocol is shovm in Table V. 

TABLE V 

Fixatioh or GoifPU3Mi.NT sr Ecu Aim min ano ANri-Eou Albumin Rabbit 

Slkuu (42)* 


0 1 Y albuium nitrogon 


Antibixly 

N, T 
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hetnoh *un N 

0 05 y 
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0 015 Y bi^molyun N 

romirieuietit, nd 

Complpment, ml. 
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* SvmboI<i. • no homolvBi<i, tr - trace; si - sbght; m moderate; 
at a blroiig, ' almiMt eomplele; c ■ compk'ti hemolyus. 


It is evident that in the egg albumin rabbit anri-egg albumin sys- 
tem the smallest quantity ot antibody nitrogen detectable with cei^ 
taiuty by complete fixation of C' under the conditions used is 0.12 y 
and that the antigen-antibody complex is capable of combining with 
somewhat more than an equal weight of C' nitrogen if the assump- 
tions ore made that all C' nitrogen present is taken up when no 
hemolysis oceurs (42) and that 50 7 is the average C' nitrogen content 
of guinea pig serum (28). Similar results were obtained with specific 
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polyBaccharides of pneumococci and the oorreBpcmding antipneumo- 
coccus rabbit sera. The final colloidal state of the qratem failed to 
influence the proportions in which C' combined, since the quantities 
of complement nitrogen added to antigen-antibody mixtures yielding 
Bpecific precipitates with 0.4 to 0.6 mg. nitrogen were of the some 
order of magnitude as in the clear solutions containing only fractions 
of a 7 of rca(*tants. A chemical, rather tlmn physical, explanation 
for the fixation of C' is therefore indicated and EhrUeh’s concept of 
C' activity is confirmed in this respect both qualitatively and quanti- 
tatively. 

At the time Ehrlich’s theories wei-c proposed the natuio of antigens 
and antibodies was unceii^ain and methods of measurement were 
purely relative. After the introduction of quantitative, absolute 
methods (27) a largo body of precise infonnation regarding immune 
reactions was assembled, and with the recognition of the protein na- 
ture of antibodies it became possible to formulate chemical theories 
of antigen-antibody reactions which were in accord with modem con- 
C(‘pts of tlie btructures of the reacting substances (32). Now that 
C' has been added to the list of immune substances measurable in 
vreight units it is possible to put these theories to the severe test of 
their adaptability to the iuclusion of C', hitherto neglected for the 
sake of simplicity. 

It has been shown that the precipitin (32a) and agglutinin (31) 
reactions might be quantitatively expressed by equations derived 
from the mass law. Chief among the assumptions made was that 
both antigen and antibody were multivalent with respect to each 
otiier, that is, that each possessed two or more groupings reactive 
witii the other. After the molecular weights of antibodies become 
known it was possible to assign empirical formulas to specific pre- 
cipitates formed at certain reference points in the precipitin reaction 
range (26). Now that data ai-e available on the reacting quantities 
of C' and the molecular w'eight of the portion of O' (63) furnishing 
much of the nitrogen token up in antigen-antibody combination, it 
is possible to fit C' mto the above quantitative theory. 

In papers dealing with this theory, two-dimensional representations 
of threo-dimen»onal aggregates formed by the union of multivalent 
antigen with multivalent antibody w'ere depicted somewhat as in 
Figure 2, in which S represents specific pol 3 rsacchBrido or antigen and 
A represents antibody and Ea represents egg albumin. A somewhat 
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amilar sehsme has been suggested by Manaok (60) and more recently 
an analogous one by Pauling (59). 

The assumption is now made that C' is capable only of loose, easily 
dissociable combination with dissolved antibody. This is in accord 
with numerous obsorvations that C' is not fixed by antigen or anti« 
body alone (56). Moreover, it is possible to account for the firm 


a a ■ V 

A A A A 


•A»8*A»S«A« 


A A A A 


8 



Fig. 2. Two-dunensioiuil representation of Ihrec-dimen- 
sional specific aggregates (42). 

fixation of amounts of C' at least otiuimolcculai' with those of unti- 
body by antigPO-antibo<ly combinations wbothrr or not these actually 
separate from solution. In the development of tlie (juantitative 
theory of the precipitin reaction (32a) it was ussumed that multi- 
valent antigen combined with multivalent .'.utibody in a series of 
competing bimolecular reactions to build up large aggi'cgates like 
those illustrated, and that the process might be well advanced before 
the aggregates separated from solution. At high dilutions, especially 
with rabbit antisera, which form specific precipitates of appredable 
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solubility (33b, 35), the aggregates would not necessarily separate. 
Whether or not precipitation occurs, the fonnatiun of such multi- 
moleoular aggregates would bring together and hold myriads of anti- 
body molocules. But by this act any molecules of C' present would 
be surrounded by antibody molecules. In this way a linkage between 
C' and A, ordinarily dissociated at once when taking place between 
single molecules, might become stabilized when occurring between C' 
and n A. Stabilization might result either through the attraction of 
contiguous ionized groupings of opposite sign, through hydrogen 

c' , c' 

•a a’ ‘a a* 

* * c' c' ’ " 

■ A- S • K • S*A« 

C' • . C' a . c' 

•A A A A* 



Fig;. 3. TwcMliupnE^ioual representAtion of uptake of 
compli'tnpnt by specific aggregate's of Figure 2 (56c). 


bonding, thi-ough spatial arconmiodaiion of large groupings on C' 
and A, or througli the presence, on C', as on antigen and antibody, 
of more than one grouping capable of reacting w'ith A molecules 
brought into apposition, llie result might then be represented in 
the two-dimensional schemes of Figure 3, corresponding to Figure 2, 
above. An analogous instance of loose, dissociable combination, 
capable of conversion into firm union by addition to multivalent 
antigen-antibody aggregates, is found in the apparently "univalent" 
antibody which occurs in many immune sera (32a,33b,41 and other 
papers). This antibody, remaining after fractional absorption of 
many sera with antigen, forms only easily dissociated, soluble com- 
pounds with antigen. However, when multivalent, or complete, 
antibody is present, the “univalent" or inoomplote antibody may add 
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to the leeultinK aatigea'ontibody agfpcgatps in finn, relatively nn- 
diaaociated union and be predpitaied just as is tbe multivalent anti- 
body. 

In the above discussion and in the graphic representations C' haa 
been eonsidered, for simplicity’s sake^ solely in terms of its relation 
to antibody and without reference to the antigen. However, the data 
indicate that larger proportions of C' may be added when relatively 
more C' ia present. It is therefore probable that, at least under such 
conditions, antigen molecules may participate in binding V/ firmly 
in the antigen-antibody aggregate, and it is not excluded that antigen 
plays some part under all rircumstanceN. It is also possible that 
antibody may be multivalent with respect to C', as well as to antigen, 
so that high ratios of G' to A could be accounted for within the theory 
on this basis. 

Other evidence in accord with the conception of C' fixaticm as a 
consequence of aggregate formation by combination of multivalent 
antigen with multivalent antibody is furnished by the behavior of 
the pneumococcus t 3 rpc III and t 3 rpc VIII polysaccharide>rabbit anti- 
sera reactions, and of tbe type II and Fiiedlander type B polysaccha- 
ride TPactioDs in rabbit antisera. In each homologous reaction with 
the speoific polyaacclioride C' ivas fixed over a wide range, extending 
in the type II and type VIII sera to high dilutions at which visible 
preoijntation no longer occurred. However, no vihiblo cross precipi- 
tation occurred, even at relatively low dilutions, between B III and 
anti-type VIII sera, or between S VIII and anti-type III sera, nor was 
C' fixed in these cross tests. (Recent, as yet unpublished experi- 
ments by A. Osier have shown tliat the small proportion of anti-type 
III and anti-type VIII rabbit sera which show cross precipitation 
also fix C' m the cross reactions.) On the other hand S 11 gave 
specific precipitation and C' fixation with a Fiiedlander B antiserum, 
but the Fiiedlander B polysaerharide neitlier precipitated nor fixed 
C' with typo 11 antipneumococcus rabbit serum. At least in these 
instances the possibility of multivalent antigen-antibody aggregate 
formation seems to be a prerequisite for C/ fixation even at hi|di dilu- 
tions at which the aggregates fail to separate. 

It is, however, well known that C' is not fixed by all antigen-anti- 
body reactions which may be expressed m terms of aggregate formor 
tion by union of multivalent antigen with multivalent antibody. 
Although some antigen-horse antibody systems fix C', pneumocooous 
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specific pol 3 rBaochBrideR react with pneumococcus antioaibohydrate 
from the horse and with rabbit anticarbohydrate damaged by acid 
(82) to form aggregates which do not bind C'. The same poly- 
saccharides react with unaltered rabbit and bovine anticarbohydrate 
with fixation of large amounts of C'. Since almost all antigoi-rabbit 
antibody systems fix C' it would seem possible that rabbit antibody 
best fulffls the steiic requirements for the firm union of C' within the 
molecular network of the antigen-antibody aggregates. This cannot 
be entirely due to the equimolecular sisc of C' and rabbit antibody, 
since bovine antibody, which also permits C' fixation, is kno^ to 
have a much greater size (38b). Moreover, hemolysin, the only 
rabbit antibody known to be of high molecular wei^t (58), is a 
nlmwip. example of a C '-fixing antibody. Possibly accompanying 
serum lipides play a part, os was postulated by Goodner and 
Horsfall (21). 

According to these views, then, C' would differ from nonnal globu- 
lin in the possession of one or more groupings capable of forming loose 
dissociable unions with individual antibody (and perhaps antigea) 
molecules, but yielding firm, difiicultly dissociable combinations, with 
the exceptions noted, when surrounded by antibody (and perhaps 
antigen) molecules. In this way the failure of C' to be taken up ap- 
preciably by antigen or antibody alone is readily accounted for, also 
the fixation of C' in qualitatively and quantitatively similar fashion 
by all but a relatively limited number of antigen-antibody combina- 
tions. It is even conceivable tliat C' would unite with equal fiimness 
with nonnal globulin if a sufficient number of such molecules could 
be brought into suitable apposition. The possibility of a firmer union 
between this protein and C' has been considered as an explanation of 
the anticomplementary properties of normal r-globulin (15). 

The phenomenon of complement fixation may thus be fitted into 
the framework of the quantitative precipitin (and agglutinin) theory 
(32a) with little stretching of postulates which had already shown 
themselves of some utility. While this affords no proof of the theoiy 
it at least justifies use of the theory as a guide for further experiments 
in a field which the mure conventional and alternative theories have 
failed to clarify. 

In the experiments on which the above discussion was based (42) 
the end point used for estimating the quantities involved was that of 
complete absence of hemolysis. Under these conditions, in which all 
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C' is taJten up, the immune system is necessarily in excess. It is, 
however, probable that C' may combine with antigeu'^uitibody ays- 
terns in multiple proportions, depending upon the relative quantities 
of the reacting components, just as in the interaction of antigen sad 
antibody (32a). Recent exact measurements of C' activity in which 
60% hemolysiB is taken as the end point are discussed in the following 
section. With those methods it has been possible to measure the 
uptake of C' in large excess by quantities of immune system of the 
Older of 1 or 2 jvg. As had already been noted by Bice (73), at the 
50% end point several times as much C' as found by Heidelberger, 
Wed, and Treffers (42) may be taken up by antigennantibody com- 
bination, especially at 0° (see also 70). lids will necesatate some 
modification of the theory such as was outlined above, but present 
indications are that the theory still provides the most plausible ex- 
p lmift tion of C' fixation. The question of C' fixation will again be 
discussed in Section III. 

11. Hemolytic Activity of Complement 
A. PROBLEMS OF MEASUREMENT AND CALCULATION 

T.ilrR many biolo^cal processes, the lysis of red cells by C' in the 
presence of excess antibody is not a stoichiometric process, but is 
governed by the laws of probability. Thus, if the fraction of cells 
lysed out of a standard total dose of sensitized erythrocytes is plotted 
i^ gninat the smount of C' added, an S-shaped curve is obtained. 
This curve docs not begin at the origin, t.e., a certain initial amount 
of C' is without lytic effect. As the quantity of C' is increased be- 
yond this range, lysis commences gradually, then accelerates sharply, 
and finally the slope of the lytic curve diminishes again as complete 
lysis is approached. 

Tire earliest quantitative measurements of the lytic curve were 
made by Leschly in 1914 (47). With these data, von Krogh in 1916 
(78) proposed an altomation (modified adsorption) formula: 

in which x is the amount of C' used and y represents the degree of 
lysis. ^ is a parameter which varies with the potency of the C' and 
which actually signifies the amount of C' required for 50% lysis. 
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The exponent 1/n ia a oonstant which detcnnines the i^pe of the 
lytio ourvo. 

It was shown by Brooks (7) that the course of the homolytic curve 
is larf^ly dependent upon variations in resistance among the cell 
population. Accordingly, the constant 1/n is an expression of the 
inhomogeneity of erytlirocytes with respect lo their susceptibility to 
lyMB by C' and antibody. The numerical value of l/n has been 
found to be about 0.2 in numerous independent experiments widely 
divergent in time and details of execution (47,52,55). Both Morse 
(54) and Brooks (8) stressed the fact that complete hemolysis fur- 
nidaes a rather indefinite end point and stated that determinations in 
the partial range of lysis, especially at the 50% point, are much more 
definitive. 

While equation 1 fits experimental data well, it must bo regarded 
as on empirical expression since it was derived as an adsorption 
formula and since the lytic curve ovtet> its shape largely to the hetero- 
geneity of the erythrocytes. It has recently been noted (52) that 
the probit fimction (5) can be used to describe the hemolytic process, 
since if log x is plotted against the probit of y, a straight line is ob- 
tained from which the 50% unit con be calculated. Methods for 
the calculation of the 50% end point from one or two experimental 
determinations in the range of partial lysis are based on ecpiation 1. 
If this is written in logarithmic form: 

1 y 

log I - log A + - log 

n 1 — y 

it describes a family of parallel linos of slope l/n and intercept log K. 
Experimental determination of two or three points in the range of 
partial lysis can be used to establish the line for a sample of C'. 
The intercept, log K, of this line is the logarithm of the 60% unit of 
activity. 

If l/n B 0.2 is substituted in 1 and if the sample of C' has unit 
activity in terms of 50% lysis, one obtains: 



This function establishes a relation between the degree of lysis and 
the amount of C' required, on the basis that 50% lysis is brought 
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about by unit quantity (i.e., 1 ml.) of tbo C' dilution used. Numeii- 
oal values for Ibis function have been published by Mayer el ei. (52) 
and may be used as factors in the calculation of hemolytic activity 
from eoqserimental determination of even a single point in the range 
of partial lysis. 

The use of these factors requires precise evaluation of 1/n, a matter 
of some difficulty. Careful experimental determinatians of this con" 
stout under identical conditions vary unaccountably by about 
Errors of calculation from this source can be minimised, however, 
by conducting titrations as close as possible to the 50% point. This 
difficulty might bo circumvented entirely by use of kinetic analyses 

hemolytic activity instead of the static measurements custom^y 
employed. Recent, as yet unpublished, determinations of the veloc- 
ity of immune hemolysis have yielded curves with maTimiim slopes 
that vary as a linear fimction of tlie concentration of C' and may 
thus serve as a precise quantitative measure of C' activity requiring 
no indirect calculations. 

Experimental determinations of hemoljij'c activity by the static 
method are carried out with 1 .0- to 2.0-inl. portions of a suspension 
of washed sheep erythroc}rtes standardised to contain 500 million 
red cells in the volume used and sensitized with a moderate excess (A 
antibody for sheep cells. A coit'fully moasun'd amount of an analyti- 
cally precise dilution of aetive serum (CO is added, the volume is 
made up to exactly 7.6 ml. and the mixture is incubated at 37°C. for 
45 minutes, which permits the lytic reaction to proceed to maximal 
intensity. (For kinetic analyses, varying short intervals of time are 
employed, and further lysis is prevented by dilution and chilling of 
the reaction mixture.) After the incubation period the tubes are 
centrifuged to remove intact erythrocytes and the supernatant is 
analyzed speotrophotuinetrically for hemoglobin. The degree of 
lysis is calculated by dividing the optical density of the supernatant 
fluid from a partially lysed analysis by the optical density of the super- 
natant from on analysis in which complete lysis was achieved by use 
of on excess of While estimations of C' activity in the partial 
range of lysis are intriusioally capable of hi^ predsion, this goal can- 
not be attained without careful control of the constituents of the 
hemolytic system, i.e., colls, sensitizing antibody, and C', and of 
other factors such as temperature, the concentration of salts, and 
the volume of the lytic system. 
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The utilisation of a modified Alsever solution (10) for the preser* 
ration of dieep blood has made it possible to maintain a stock supjdy 
of erytiirocyteB of reproducible lytio behavior. In two laboratotieB 
(45,51) cells stored in this way were found to reach a level of constant 
lytic response after about four days and to remain in this state for at 
least ten weeks. This makes it possible to obtain comparable results 
in tests carried out on different days 'without correction for a 'variable 
response of the coll substrate. 

Ilie standardization of the cell suspraision used as substrate has 
generally been carried out by preparing a stated dilutiem of cells 
packed by centrifugation. While this procedure may be satisfactory 
in careful hands, it docs not constitute a reliable and universally re- 
producible method for the dosage of substrate. Althou^ the 
erythrocyte concentration could perhaps best be defined in terms of 
the number of cells per unit volume of suspension, this procedure in- 
volves the considerable error and labor inherent in counting cells. 
A simple and yet accurate method of standardization consists in 
measuring the cell concentration by colorimetric determination of the 
hemoglobin content (76). The recent application of photoelectric 
colorimeters has increased the case and accuracy of these experimental 
determinations as well as of the measurement of the degree of lysis 
(45,51,52). 

The existence of a reciprocal intenlepondence between antibody 
and C' has long been recognized, that is, the more sensitizing antibody 
present in the lytic system, the less C' is required to lyse a specified 
amount of cells, and -vice versa (43,57). It is, therefore, necessary to 
define the amount of antibody to bo used in detornuning the activity 
of C'. This is a rather puzzling problem because there does not exist 
as yet any certain way of measuring lytic antibody 'without utilizing 
C'. While it has been possible to estimate lytio antibody in terms 
of 'units of weight the value so obtmned is only a rough approxima- 
tion (pp. 76-79). Many investigators have defined the l 3 rtic activity 
of antibody in terms of the minimal active dobc in the presence of on 
excess of C', but since the minimal dose depends on how large an ex- 
cess of C' is present, this procedure is scarcely satisfactory. Prob- 
ably the best solution comdsts in utilizing so large on excess of anti- 
body tlxat further changes do not modify the acti'vity of C' (79). Too 
lai^ an excess, however, must be avoided because this leads to agglu- 
tination of the cells and consequent interference -with lysis. A recent 
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qtiaatitBtive analysiB by Kent (44) of the interdepondenoe of antibody 
and C' in the lytio reaction has yielded the equation; 

x/y » fee + a 

in which x represents the amount of antibody, y is the number of 
50% units of C', and a and b are constants. Application of this equar 
tion should permit the precise definition of the optimal amount of 
antibody in determinations of the lytic activity of C'. 

Among the factors influencing the lytic activity of C' those involv- 
ing electrolytes are by far most prominent. P^t, there is a nmi- 
specific ion effect in that the lytic activity varies markedly with the 
total concentration of salt (52). Although measurements are invari- 
ably carried out in approximately isotonic solution, analysps requiring 
maximal precision must be performed in a medium controlled as to 
salt content within about ±0.6% of the total, since so slight a change 
in tlic molarity of sodium chloride as from 0.145 to 0.151 results in a 
shift from 143 to 126 50% units of hemolytic activity (52). Second, 
there is a specific effect of magnesium ion (Mg*'*') (52) which has been 
largely ignored, although noted as early as 1906 (11). The magnitude 
of the enhancement of lytic activity by minute amounts of magne- 
sium ion (10 to 50 jug.) ib truly striking (Table VI). Reproducible 
determinations of C' activity therefore necessitate careful control of 
the. concentration of magnesium ion, or, alternatively, the presence 
of sufficient magnesium ion for optimal activity. 


TABLE VI 

HemoijTtic Actiyitt in Fiftt Pas Cent Units peb Miluutbb or Guinea 
Pro CoUFIi&MENT WITH VABTINa AMOUNTS OP MaONESTOU IoN (62)* 


Mancsium 
ion added, ftg. 

Guinea pig oomplemente 

1 

2 

3 

4 

5 

6(pool1) 

0 


84 

100 

114 

08 

114 



86 

109 

128 


114 

0 40 

no 

94 

118 

138 

117 

123 

2 8 

133 

131 

148 

179 

134 

164 

12 

173 

140 

206 


168 

100 

58 

WA 

197 



206 


290 






231 


* The diluent was 0.85% saline buffered at yU 7.3 with 0.005 M phosphate, 
t Ben used did not include 1 to 5. 
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5Wo!oOs'^10^*‘j/!^r^““ “*** talcium ions, M X 10 *; concentrations normnUy i»eaent nere estiniatedat appnnd- 
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It is now clear that certain biological fluidu or tiesur extracts which 
enhance lytic activity (20) do so by contributing magnesium ion 
(62). This is shown by the data in Table VIIT. Conversely, the lytic 
system is also sensitive to procedures which reduce the concontra* 
tion of magnesium ion. For example, anions like citrate (52), pyro- 
phosphate (22,52), hoxametaphosphate (22), and fluoride (53), 
which form insoluble or undissociated salts with magnesium ion, exert 
an antioomplemcntaiy effect, t.e., they inhibit lytic activity (Table 

TABLE VlII 

EHVANCBMaNT OV COMFUCMBNT AcmniT BT GuiNBA PlO SBBtlH DlALTSATB OB 
BT Chick Embryo Aluantoic Flvio with and wimooT AoumoN or OraniAL 
QuANTmEs or Calcium and Maonkuitm Tons ( 52 )* 


Cation addpd, mk 

flerum dialyiata 1 

Rpnim dialyiaie 2 | 

Allantoic fluid 



1.35 

None 

1.10 

I 25 



1.25 

None 

125 

181 

128 

104 

148 

122 

117 

203 

174 

C»*+ 60 







116 

104 

168 

Mg*^ 100 

245 

255 

254 

190 


230 

226 

237 

232 

08*+, 60; Mg*-*, 100 







238 


243 


* Values given arc 50% uiiilH per miliibter. 


VII). The mode of action of other aiiticomplcmentary substances, 
however, cannot as yet be explained. For example, the inhibiting 
effect of Y-globuIin ou C' (1 5) is of interest in view of the therapeutic 
use of this plasma fraction A recent report by Waring and Wein- 
stein (80), however, indicates that injection of ir-globulin does not 
depress the 50% titer of human O'. 

While the function of magnesium ions in the lytio process is obscure, 
the necessity for the presence of inaimesiiuu ion to bring out lytic 
activity is one of several ways iu which the lysis of red cells by C' and 
antibody resembles many enzymic reactions. 

Hemolytic studies are usually carried out at 37-38°C. but recent 
work (52) has shown that slightly higher C' titers are obtained at 32- 
35^. The effect of temperature changes in the vicinity of 37** is 
foriunatdy not pronounced so that it is adequate even in accurate 
work to control the temperature of incubation to *0.2“C. As might 
be expected the speed of hemolysis decreases as tlie temperature 
diminiphnw and thc lytic procoss is arrested at 0-5°C. This is, how- 
ever, not the case for fish C' which lyses well even at 0°C. (14). 
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In addition to careful adjustment of the dose of erythrocytes, the 
amount of antibody for sensitisation and control of tho concentration 
of sodium chloride and magnetnum ion in the system, one other oon* 
dition must be considered, namdy, the volume in which the lytic 
reaction is carried out. It is sometimes thou^t that a given amount 
of C' will lyse a certain dose of sensitised cells, but this is not so sinoe 
the C' will lyse fewer erythrocytes if these are contained in a larger 
volume. For example, 250 million sensitised cells (50% of tho total 
dose of 500 million) were lysed in a volume of 2 ml. by 0.00368 ml. 
guinea pig C', but in a volume of 3, 5, or 7.5 ml. this number of cells 
required 0.00473, 0.00675, or 0.00925 ml. C', respectively (52). This 
relation is described by a linear equation of the form: 

y = 0.00170 + 0.0010* 

in which y is the amount of C' required for lysing 250 million cells 
and * is the volume in which the reaction is carried out. While the 
mechanism of this phenomenon is not clear the explanation might be 
found in a shift of equilibrium between free and bound C' in tlie lytic 
system. 

It is now evident that the lack of accuracy and reproducibility fre- 
quently encountered in investigations on C' can be overcome by ade^ 
quate control of the conditions discussed in the preceding section. 
The only constituent of the lytic system which is nut stable is C' 
itself. However, this difficulty nas also been overcome, since guinea 
pig C' sealed in glass ampoules and stored with solid carbon dioxide, 
remfuns constant in titer for at least several Avcoks (52). The use of 
such a pretitered stock supply of C/ makes it possible to eliminate 
the usual daily titration with much saving of time and labor. 

B. MECHANISM OF IMMUNE HEMOLYSIS 

Investigators have often proposed on enzymic mechanism for im- 
mune hemolysis. A number of observations make such a mechanism 
plausible. In comparisons of lytic agentps such as sapom'n or oleate 
with C' and antibody, it is found that 1.9 X 10^" molecules of saponin 
or 2.9 X 10” molecules of sodium oleate are required for the lysis of a 
sin^e red cell (24), wliile only about 25,000 molecules of C' and 500 
of antibody (42) are needed. In enzymic reactions the ratio of en- 
zyme to substrate is, of course, small. Hence the for smaller num- 
bers of C' and hemolysin molecules than those of nonenzymic saponin 
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at sodium oleate required for hemotysis are in accord with the as* « 
sumpticm of enzymic activity for mther C' or hemolysin. 

The necessity for magnesium ion as a cofactor of the hemolytic 
system also constitutes a point of similarity to many enzymic proc- 
esses. This similarity is also shown in the kinetic studies mentioned 
above. These indicate that the velocity of immune hemolyos is 
directly proportional to the concentration of O'. In unsuccessful 
attmnpts to elucidate the possible enzymic nature of C' Yenson (83) 
found that certain enzyme inhibitors such as cyanide, monorhloro- 
acetate, and iodoaoetate failed to inactivate C'. Although efforts to 
identity C' with any enzyme known to occur in blood serum have 
failed (56d), this should not discourage further enzymologie attack. 

III. Participation of Complement In Union oi Antigen 
and Antibody 

Morse (55) was among the first to pmnt out that the precise quan- 
titative methods for the measurement of the hemolytic activity of C' 
pioneered by Leschly (47) and Brooks (7,8) could be utilized for 
quantitative estimations of C' fixation. Since that time there have 
been numerous publications on the subject but the techniques evolved 
have found only limited application, probably because of their 0000 - 
plexity and the difficulties encountered in their interpretation. It 
would seem, therefore, desirable to review the principles involved, 
since a better understanding of C' fixation through applicaticm of 
quantitative methods should contribute to our knowledge of the 
functional role of C' os an aid to immunity. 

In the usual fixation test two 100% units of C' are mixed with a 
specified amount of immune serum and antigen. After incubation, a 
standard dose of sensitized red cells is added and the mixture is incu- 
bated What happens now depends on bow much, if any, C' 

has been fixed or destroyed during the first period of incubation. If 
less than one unit has been fixed, complete lysis occurs and the test is 
recorded as negative. If all of the C', t.e., two units, has been taken 
up by the immune system, no lysis takes place, and the tost is posi- 
tive. Fixation of an amount of C' intermediate between one and 
two units leaves enough only foi' partial lysis, and within these limits 
the test is susceptible of quantitative treatment. Thus, the test in 
its usual form ia quantitative, within a limited range, and the only 
improvement necessary is an increase in range of operatioa so that 
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widdy diiTei^nt aroounta of immima flytifcem may be tested. Wade^ 
worth, Maltaner, and Maltaucr (79) and Hire (70) have aooompluhed 
this by adjustiiiK the amount of C' to the strength of the immune sys- 
tem BO that partial lysis is obtained in every case, permitting quanti- 
tative evaluation. Their method indicates how much C' must be 
incubated with antibody ami antigen so that a specified degree of 
hemolysis (t.r., r)0%) A\ill occur in the lytic reaction. A test of tins 
kind is, however, complicated and difficult to interpret in terms of the 
union between antibody, antigen, and C' because' it involves simul- 
taneous changes of two variables, namely, immune complex and C'. 
As noted by Morso (.‘>.5) more C' is taken up by a given quantity of 
inunune complex when more C' is present and, therefore, tests with 
varying amounts of C/ are not directly comparable. This effect also 
causes difficulties in the calculation of results since, in the incubation 
of varying amount.s of C"' with inunune system, the loss of hemolytic 
activity due to fixation is not directly proportional to the amount 
of C' in each tube. As a consequence, the diffei’ent amounts of ac- 
tive C' remaining after incubation in the series of tubes are no longer 
related to one another in the proportions in which they were distrib- 
uted in the tubes, resulting in an abnormal lytic curve and therefore 
yielding values of 1/n differing from 0.2. PV this reason special 
conversion factors arc necessary for each kind of test. In our labora- 
tories a considerable simplifioation is attained by conducting the test 
with a constant number of units of C" (•’>3). This, in effect, is a return 
to the usual fixation procedure, but, in order to obtain a wide range 
of operation, not 2, but 50 or even 100 units of C' are employed. 
However, unlike the usual test in abich sensitized cells aiB added to 
tlie entire reaction mixture, the new method requires deteiminatiou 
of the amount of C' remaining free after fixation by analysis of an ali- 
quot portion chosen so as to yield a partial degree of lysis with the 
standard dose of mmsitizt'd cells, 

The analytical determination of the hemolytic activity of comple- 
ment remaining after fixation presents no difficulty, for it could be 
shown that the hemolytic curve of the residual free complement is 
described by equation 1 (page 89) with the normal value of 0.2 for 
the constant 1/n (53). Therefore, calculations are exactly the B gnift 
as in an ordinary quantitative titration of O' (52) . llic test is carried 
out in two steps; first, 50 or 100 units of C' arc||incubatod with anti- 
gen and antibody; second, an aliquot portion of tlie reaction mixture 
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is incubated with the standard dose of scnsitued red cells. Frran the 
degree of lyus obtained, the number of residual free C' units is calcu- 
lated. Finally, this value is subtracted from 50 or 100, the initiad 
dose, to yield the number of C' units fixed. 

Initial studies (53) given in Table IX, were conducted with a con- 
stant amount (0.25 ptg.) of pneumococcus type III polysaccharide 
(S III) and varying (juantities of rabbit antibody. It was found 
that fixation followed a linear course in the range of 0.5 to 1.6 mK - of 
antibody nitrogen and within these limits quantitative measurements 
of these minute amounts of antibody could be made. Tn the region 
of extreme antigen excess no fixation of C' occurred at tliese very low 
antibody levels. Studies made with a constant known amount of 
rabbit antibody against pneumococcus type HI and varying quanti- 
ties of S III have shown that the fixation of C' varies with the amount 
of antigen added to tlie constant quantity of antiserum. The reac- 
tion passes through a region of maximiun fixation. Excess antigen 
causes inhibition of fixation, just as it does in specific precipitation. 
Similar studies by the method of Wadsworth et al. have been pul)- 
lisbed by llicc (70). The zone of optimum fixation, however, is no 
more sharply delimited than is the equivalence zone in the precipitin 
reaction (32a, b). The method of lUce (71), Avhich involves deter- 
minalion of tlie amount of antigen for optimum fixation, can there- 
fore yield only an approximate estimate of the potency of an im- 
mune serum. 

Studies (53,72) also indicate that the capacity of a given weight 
of antibody to fix ('' varies in diilereiit sera and that the antibody 
present in an uidividual serum can be fractionated into portions of dif- 
ferent C'-fixing potency (74). It would, therefore, seem invalid to 
utilize antihr)dy nitrogen values for testing empirical equations of C' 
fixation such as tho.se used l)y Riee and Sickles (73,74). Analyses 
show tliat the amount of fixed by a given quantity of inunimc 
system increases as the initial dose used in the n^action is made, larger. 
As already stated, this effect was noted by Morse (55), who consid- 
ered that the proportion of C' fixed, and not the absolute amount, 
^ves a true measure of the quantity of immune system. However, 
the present work ^ows that the proportion of C' fixed to that re- 
maining free diminishes as the initial dose of C' is increased, altliougjh 
there is an increase in the absolute quantity fixed. It thus appears 
that the amoimt of immune complex and the quantity of C' fixed are 
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In other oxperimcnid 45 minutos waa sho^ n to be adequate. t See references 52 and 53. 
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related according to their rdative proportions just as are antigen and 
antibody in the precipitin reaction. This is not surprising in view of 
the multivalence of the immunologio reagmts (32a, b) perhaps in- 
cluding C' itself. 

IV. Purification of Complement and Isolation of Its 
Components 

The question of the multiple nature of complement and the chaiv 
acteiisation and separation of the components have been active sub- 
jects for investigation ever since Ferrata (19) in 1907 dialysed 
against water and found that the resulting precipitate and solution 
were inactive separately but caused hemolysis of sensitised red cells 
when recombined. These two components, now designated C'l and 
C'2 in agreement with Pillemer and Ecker (62), rather than "mid- 
piece” and "endpioee” (.'56), remain the only components of C' which 
have been recognized and eharaeterized by their actual separation' 
as well as by their activities in mediating hemolysis. 

The development of modem methods for the separation of the 
protein constituents of the serum complex has been a long and tedious 
process. Accordingly, many years elapsetl between the first separa- 
tion of C'l and C'2 and the actual isolation of (me of these compo- 
nents in a state of relative purity (63). The cuglobulin fraction of 
guinea pig serum insoluble at a concentration of 1.39 ilf ammonium 
sulfate was further purified through removal of lipides by centrifuga- 
tion in the cold and dialysis against phosphate buffer at ionic strength 
0.02 and pH 5.2. Tlie insoluble portion eontained the C'l activity 
and was redissolved and rcprecipitated at a eoneentration of 1.22 M 
ammonium sulfate, redissolved in 0.5% sodium chloride, and again 
dialyzed against the same buffer at pH 5.2. It was then homogeneous 
in the ultracentrifuge. 98% of the protein present was contained in 
a single component on cleetrophoresib, so that the preparation a]>- 
peared to bo pure C'l by these physicoehemieol criteria. The prop- 
erties of the fraction arc given in Table X. 'Tlie yield woh 400 mg. 
from 1070 ml. semm. 

The serum proteins soluble in 2.0 M auunonivm sulfate but insolu- 
ble at a concentration of 2.2 M contained most of the (.'2 and C'4 
activities of the serum. Dialysis of the material against conductivity 
water yielded a greenish gel containing the activities of C'2 and C'4 
but these could not be separated. After several reprecipitationB the 
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preparation sbowed 9B% in a single component in the Tiselius elec- 
trophoretic apparatus, but did not appear homogeneous in the ultrsr 
centrifuge. It is therefore uncertain whether this unusual euglobulin 
of high carbohyibate content and high levorotation contains C'2 and 
C'4 os integral portions of the sumo molecules or whether further 
separation might be possible. The C'4 function could, however, be 
separated by its greater resistance to heat than that of C'2. 

C'3 was distributed among the various fractions isolated. 


TABLE X 

pBOPEUTTLb Ur PeBIlIEO CoMPONLiNTB OF GuiNLA PlG COMI>l.I.KrJi:NT (63) 


Fropertitis 


C'2, 4 

IVpc of Klobulm 

(N 114 ) 2 S() 4 i P<t rent saturation, 0° 


mupo-eu- 


58 

Mobiblv,* X 10* 


-4 2 

Sedimoutalion, S 



[ctId, 

-2*) 

-103 

Carboh>draip, 

2 7 

10 3 

Fraelion of total Beruin protein. % 
Tcm|)eratu] p nt which dosli oycu, ^ iiiin. 

0 6 

0 2 

50“ 

50'’(r'2) 

66“ (C'4) 


*P01- /;1177, M - 0.2. 


The quantities of C'l and C'2, 4 isolated by Pillemor rt d. (63) 
totalled 0.8% of tJic guinea pig serum proteins. While these amounts 
probably do not repiesent 100% yields of material of 1(K)% purity, a 
combination rarely achieved in biochemical preparations, they agree 
remarkably well uith the anal^iically estimsited average percentages 
(28) of C' in guinea pig serum, namfly, 0.1 to 0.7%. A complex 
present in so small a proportion of the scrum proteins could not be 
expected to show in electrophoretic or ultracentiifugal diagrams of 
whole guinea pig serum. 

A peculiarity of isolated C'l was its inactivity in concentrated 
solution and full potency at high dilutions (63). This property is 
possibly related to the anticomplementary nariirc of euglobulins in 
general and may account for the analytical observations of Heidel- 
berger (28), namely the larger the volume of guinea pig scrum present, 
the smaller was the quantity of C' nitrogen per milliliter feed by 
specific precipitati's (see pages 75-76). 

The Rllemer-Ecker group has also undertaken the fractionation of 
human C', but up to the present no component has been isolated in a 
satisfactory state of purity (66). In the large-scale fractionation of 







QfDANTlTATIVB STUVIXIB ON OOMFUIllliNT 


103 


human plafana updertaken at Haivard C'l ia aaid to be oonoentrated 
in fraction Iir-2 with thrombin and C'2 in fraction IV with hyper* 
tensinogen (13). 

V. Titration of the Components of Complement 

Principles for the titration of the components of C' were clearly 
enunciated by Hegediis and Greiner (25) . The reasonable hypothesis 
was propounded that tlic titer of a C' is limited by the cmnponent 
present in lowest titer, and tliat each of 1h(‘ four components might 
be titrated independently by addition of the other three components 
in excess, so as to make tlic component in question the one 
present in lowest titer. Ilequired n^ugents weie prepared by stand- 
ard methods from guinea pig C'. Hon ever, doubts arose as to the 
adequacy of technique used for measuring the various components, 
and the, conclusions reached as to the relative quantities of th^ com- 
ponents in guinea pig C' were not oouiinned (4). It was, therefore, 
evident that existing methods for the tiimtiun of the components of 
C' requin'd revision. Accordingly estimations w'ere made of the 
liters of the components present in “midpiece," “endpiece,” and in 
the so-ralled "specifically imietivatcd" complements (65) prepared 
by different inetliods, sini'e this was a prerequisite to au understand- 
ing of these reagents and to their use in quantities adequate to pro- 
vide, in optimal excess, the components desired. Moreover, the 
givatest care was taken to u.s(> each reagent well below its anticom- 
plementary range. Emphasis on this rudiinentaiy precaution was in- 
dicated by the lark of any positive evidence that it was observed 
in numerous recent inve.stigations. 

Details of the nu'tliods usc'd are ftdly given (4), A reagent for the 
titration of a given oomiionent should not contain the component to 
be titrated, but shoidd contain an excess (f.r., more than one unit 
per dose employed) of each of the remaining components. Four 
reagents are required (sec 25): reagent 1, containing C^2,3,4, for 
the titration of C'l; reagent 2, containing C'1,3,4, for the titration 
of C'2; reagent 3 with C'1,2,4, for tlie titration ol C'3 ; and reagent 
4, containing C'l ,2,3, for the titration of C'4. A reagent should pro- 
duce no lysis of st'nsitized red cells when used alone in several times 
the quantity employed in actual tatrations. Ileagent 1 was prepared 
by combination of E,* which furnished C'2 and some C'3 and C'4, 

■"e"- 'Wpicre,” M » '‘imdi )ipco/' tUp t)i)lubl(5 and iuAoluble pDiiiona, ra- 
siK»ctively, of dialyzpd or dilulpd O'. 
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with heated serum which supplies extra C'3 and C'4. Beagent 2 
consisted of M* plus heated serum. In each instance the heated 
serum was added separately to the tubes in which the tests were 
carried out. *'Zymosan*'-treated (16,61) C' was employed as reagent 
3, while ammoniar or hydraxine>treated C' served as reagent 4. 

For purposes of control, the adequacy of each reagent should be 
established by experiment, a condition not met in some studies 
(16,26,29). This requires testing each reagent (R) with every other 
reagent, as follows: (a) R1 + R2; (6) R1 + R3; (c) R1 + R4; 
(d) R2 + R3; (e) R2 4 * R4; (f) ^ + R4. If complete hemolysis 
of added sensitised red cells follows, the first test demonstrates the 
presence of one or more units of C'2 in the amount of R1 used, and one 
or more units of C'l in R2. Similarly, the second test establiriies 
the presence, in adequate amount, of C'3 in R1 and C'l in R3. If all 
tests result in complete hemolysis, it is certain that each of the four 
reagents actually contains the three components which it is designed 
to supply. 

Below the anticomplemcntary limit, the quantity of a reagent 
should be chosen in a range in which the titer of the component re- 
mains independent of the amount of reagent employed. The com- 
poritions of average preparations of each reagent are given below. 
For example, E, which is used in Rl, showed the following average 
composition: 


Bourn ond niBthod 
of prepontion 

C'2 Uter, 
uBita/uL 

C'3 titor. 
unitB/mL 

C'4 titer 
umts/mL 

Humana dialyBis 

no 

1 35 


dilution 

115 

45 

2400 

Guinea pig, dialysis 

140 


3500 

dilution 

220 

60 1 

2100 


It is evident that E is generally deficient in C'3, since less than 100 
units are present per milliliter and 0.1 ml. of a 1 : 10 dilution (the 
amount generally employed) contains less than one unit of C'3. 
The addition of heated complement, by supplying C'3, serves to 
tmnedy the deficiency and is especially necessary with human E. 
Guinea pig E -f heated guinea pig serum yielded the best Rl, since 
guinea pig E contains more C'2 than human E, and heated guinea pig 
serum is not anticomplementaiy and supplies more C'3 than heated 
human serum. Guinea pig C' inactivated for twenty minutes at 
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56°Ci usually titersd 100 to 300 units of C'3 about 500 to 2000 
units of C'4. The C'4 titer of heated human scrum was similar, but 
the C'3 content was very low. 

The average oompoeition of M follows: 


Bourn and mathod 
of preiMtralioii 

C'l titer, 
unita/ml. 

C'3 titer, 
nnite/ini. 

C'4 titar. 
unlte/ml. 

Human, dialysis 

1000 

00 

350 

dilution 

1000 

40 

180 

Guinea pig, dialysis 


lao 

100 

dilution 

• 

100 



Again it is seen that M should be combined with heated G' for use 
as R2, owing to its deficiency of C'3 and often of C'4 as well. This 
applies especially to human M, which was preferred for R1 Eunce it is 
not antioomplemcntary. Guinea pig M, when freshly prepared, 
should not be anticomplemontary, but often becomes so if kept in 
solution, or if made alkaline: 


AvEBAOB CuUPOSmON of ZyMORAN-l'KEATED CoMPUaiBNT 



C'l, titer. 

C'2 titpr, 

C'4. titar. 

Bouroe 

UDite/nd. 

unite/nil. 

uiute/inL 

Human 


100 


Guinea pig 

1000 

260 



If at least 0.02 ml. (0.1 ml. of 1 : 6 dilution) is used, this reagent func- 
tions as R3. 


A vkra wii CoUFOBITION OF AuUONIA-TbBATBD CoUPliBiaiNT 


Source 

C'l, titer, 
units/iul. 

C'3 titer, 
nniti/ml. 

C'3 titar, 
unita/ml. 

Human 

2000 



Guinea pig 

1200 


100 


The anticomplementoiy effect of guinea pig M, when encountered, 
was found to be somewhat greater toward homologous C' than human 
C'. Addrtitm of heated guinea pig serum greatly reduced this anti- 
eomplementary action of guinea pig, human, and sheep M, the only 
ones tested. Human M is seldom anticomplementaiy toward human 
C' but may be toward guinea pig C'. Human and guinea pig C' 
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treated with xymosan were not anticomplementaiy nor was ammonia* 
treated guinea pig scrum. Human senim treated with 
was always onticomplemcntary toward guinea pig serum, but not 
against human serum, guinea pig E, or heated guinea pig serum. 
With tile limits established within which ihc various reagents might 
be used, titration of the four components was now possible. 

a. First Component, C'l. Complement dilutions most suitable 
for titration of C'l were found to be between 1 : 200 and 1 : 500. In- 
creasing amounts were set up with an amount of reagent 1, usually 
between 0.2 to 0.5 ml., iireviously found to contain an optimal ex- 
cess of C'2, 3, and 4. Reagent 1, prepared by use of a volume of 
guinea pig E such as given above, and 0.05 ml. of 1 : 5 heated guinea 
pig serum, was found preferable to that from human E. As pre- 
pared and used with 0.2 ml. of suspension containing 125 million 
sensitized sheep erythrocytes, guinea pig Rl usually contained 
about 3 units of C'2, 3 of C'3, and 50 to 100 of C'4. The C'l titra- 
tions carried out on zymosan- and ammonia- or hydrazino-treated 
sera showed that these inactivation procedures for C'3 and (^4, 
respectively, are not entirely specific since all remaining components 
were reduced. 

b. Second Component, C'2. R2, for the titration of C'2, was 
preferably composed of human M, in amounts of 0.025 to 0.1 ml. of 
a 1 ; 5 dilution, plus 0.05 ml. of 1 :5 heated guinea pig serum. As so 
prepared, the amounts used contained 5 to 20 units of C'l, 2 to 3 of 
C'3, and 5 to 10 of C'4. R2 prepared with nonanticomplemeutary 
lots of guinea pig M may also be employed. Titration of C'2 in 
whole C' may be carried out with heated guinea pig serum alone, 
sinee C' contains excess C'l. However, for titration of C'2 in E, 
the complete reagent, R2, is necessary. Sheep M plus heated 
guinea pig serum is also useful as R2. 

c. Third Component, C'3. R3, ojitimal for this titration, was 
prepared by treatment of guinea pig C' with zymosan (16) according 
to (61), although the corresponding reagent from human C' woe also 
used in some instances. 0.05 ml. of 1:5 dilution (based on the 
guinea pig C' used) appeared optimal for the titration of C'3 in 
human C' and 0.1 ml. of the same dilution for the titration in guinea 
pig O'. The former quantity of reagent contained roughly 10 units 
of C'l, 2 to 3 of C'2, and 20 of C'4. 

d. Fourth Component, C'4. R4 consisted preferably of am- 
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moniartivated guinea pig C' ainre the coireeponding reagent from 
hitman C' waa anticomplementary (aee 16) and contained too little 
C'2 and 3. Usually 0.2 ml. R4 at 1:10 dilution was used, the com- 
ponent content being 20 to 30 units of C'l, 6 of C'2, and 2 of C'3. 
Although C'4 is considered a heat-stable component, the effect of 
beatii^ sera at 56°C. for different periods is appreciable ; 


l[uiiutn C' 

Gui&aa pis C' 

Period 

hoatPil, 

min. 

C'4 titer, 
units/inJ. 

Aetivity, 

% 

Periol 

heated, 

mm. 

C'4 titer, 
unite/nil. 

Aotivity, 

% 

0 

3300 

100 

0 

3300 

100 

6* 

3000 


5* 

3000 

90 

10 

LIOO 


10 


60 

15 

800 


15 

1300 

40 


000 



500 

16 

30 

130 


30 

130 

4 


* Two ininuti'R vra‘< added to earh hestina period for the sample to oome to 
SC’C. after immoiMioii in the bath. 


Some of the more complete sets of titration values on individual 
complements are given for comparison in Table XI. Average titers 
found for human and guinea pig sera are given in Table XII. 


TABLE XI 

Titers of Homan and Oiiinea Pio (Jompusmbmts and Tiibik CoMPONbNTs (4) 


fiomce aud aunibeT 

Imlivithuil, human 


(I It 

M (I 

II II 

Pool, human 4 
Pool, Kuinra pig 

II II II 

11 1* II 

ti (I II 

If II II 


unite/ml. 

C'l. 

uiuts/ml. 

C'2, 

imiWinl. 


P'*' . 

uaito/ml 

70 

'2700 

80 

>130 

3,000 

100 

.■>000 

200 

350 

2,500 

80 

5000 

130 

350 

2,600 

100 

4000 

100 

250 

3,000 

100 

2000 

130 

>200 

2,700 

300 


800 

350 

6,000 

/)00 


500 

000 

17,000 

270 

1000 

270 

300 

7,000 

300 

1300 

400 

300 

4,000 

400 

1600 

400 

400 

10,000 


In the course of the study (4) each of the reagents used was sub- 
jected to scrutiny for its artual titer of the component or components 
it was expected to furnish, and its anticomplementary properties 
were checked in order to ascertain whether or not it might safely be 
used in concentrations high enough to supply the needed amounts. 
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The conditionB in this uray become analogoufl to those preferentiaUy 
employed in the estimation of other biologically active substances. 
For example, comparisons of enzyme concentrations should be made 
at relatively high substrate concentrations so that the apparent en- 
zyme values obtained arc independent of substrate concentration (6). 
Similarly in studies of blood clotting, compements other than the one 
to be measured should be present in excess so that the clotting time 
may vary only as a function of the amount of unknown component 
in the system. 

TABLE Xn 


Atebaojc Titkbs or Cuhflbiieht and CoiiPONiiNTa (4) 


Bourn 

Whole C', 
uoiti/ml. 

C'l. 

unite/ml. 

C'2, 

uuito/inl. 

liiil 

C'4, 

unit«/iQl 

Guinea pig 

Human 

350 

100 


450 

170 

370 

250 

6000 

4000 


* Average titer with R1 (guiuua pig E plus heated guinea pig serum), the opti- 
mal reagent. 


The four reagents used (25) for the study of the complements of a 
large number of animal species were prepared from guinea pig C' by 
standard methods: E for the titration of C'l, M fur the titration of 
C'2, guinea pig scrum from which C'3 had been removed by the action 
of snake venom for the titration of C'3, and ammonia-treated guinea 
pig serum, lacking in C'4, for the titration of C'4. No definite evi- 
dence was given, however, that the amounts of reagents used actually 
contained an excess of the desired components, or that they w'ere al- 
ways used below their anticomplcmentary concentrations. 

It was found that E, the standard reagent for C'l, was often too 
deficient in C'3 to provide more tlian a limiting titer, so that this re- 
mained the component of lowest titer in the mixture and was actually 
meeisured instead of C'l. It is believed that this accounts for the 
finding (25) that the titer of C'l in guinea pig C' is lower than that 
of C'2, whereas the actual titer of C'l is now foimd to be very liigh. 
It was also noted that M, the standard reagent for C'2, often failed to 
yield a measure of this component since it furnished too little C'3, in 
nonanticomplcmentary quantities, to raise the titer of this component 
in the teat mixture above that of C'2. M was often deficient in its 
content of C'4, os well. 

These defects proved to be readily remediable by addition of 
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guinea pig semm which had been heated at 56’’C. fortwentymmutea, 
which nifficed to render negative all hemolytic tests for C*1 and C'2. 
This not raly provided an excess of G'3 (and C'4 if not already pres^ 
ent), hut also greatly reduced the often appreciable anticomidemen- 
taiy activity of M prepared from guinea pig serum. Since human M 
was not anticomplementary and usually Aowed a consideiably highcr 
titer of C'l than did guinea pig M, the reagent (HZ) preferably used 
in these studios for the estimation of C'2 consisted d human M + 
heated guinea pig senun. The human E obtained as a by-product in 
the preparation of M is difficult to use owing to its low titer of C'2, 
BO that for the titration of C'l, guinea pig E -f heated guinea pig 
is recommended as the reagent (Rl). 

It was also found that in the so-ealled "spfoific inactivation" (65) 
of C'3 by "zymosan” and of C'4 by ammonia or hydrazine the other 
components of C' suffered more or less reduction os well. It is 
therefore proposed to abandon the inaccurate designation "specifi- 
cidly inactivated” eomplements, and call these reagents R3 and R4, 
respectively, numbering them as in Rl and R2, according to the com- 
ponents measured with their aid. 

Although it is a simple matter to test a treated serum or reagent for 
anticomplementary action by its depression uf tlie titer of whole C', 
the evaluation of anticomplementary activity is not without compli- 
catiou. A treated serum or reagfmt may exert an enhancing action or 
on anticoraplemenlary one, or it may liave no effect at dl on the 
titer of C'. Enliancing effeets are attributable to the addition of the 
component, or components, present in lowest titer, i.e., the titer- 
limiting pomponent. Both enhandng and anticomplementary ef- 
fects could, however, exist side by side in the same solution, but, of 
course, only the net effect could be demonstrated. In such an event 
the reagent might be anticomplementary toward guinea pig C', for 
example, in which C'3 is usually the limiting component, but en- 
hancing tow’ard human C', in which C'2 is the component in lowest 
titer. This wouW also explain the effect of lieated guinea pig C' in 
dimiiusliing the anticomplementary action of the guinea pig M, since 
C'3 is added and this is the limiting component in guinea pig C'. 
Possibly these circunistanees also afford an explanation for the in- 
crease in tiler of the C' by heated guinea pig serum. While this 
would be expected to inerease the titer of guinea pig C', in which C'3 
appears on the average to be the component of lowest titer (Tables 
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40001 


2500 


2000 


1000 


Components o( C' I 


^HuC' 

□gpc' 


XI and XII) aJthou^ the titer of C'2 is not much hig^, the leason 
for the increase is not so apparent in the case of human G', in which 
C'2 is the limiting component. However, the titer of C'3 is nut very 
mudi greater. Since it is stated that C'3 is not fixed when G' is 
taVRTi up in hemolysiB (64,81), it is possible that a considerable excess 
of this component is Cbsential for full hemolytic activity, peihaps by 
driving back dissociation ot a loose combination. Heated guinea pig 

scrum would provide such an excess. 
Other explanations are, hoi/iever, pos- 
sible, and the effect of heated scrum 
requires further study. 

In the course of this investigation 
(4) the mutual equivalence of each 
of the components of htunan and 
guinea pig G' for the hemolybis of 
sensitized sheep red cells was also 
demonstrated. It is not, however, 
always as convement to use a human 
component as a guinea pig compo- 
nent. 

Eckcr and Fillcmer and their co- 
workers have independently arrived 
at acceptance of underlying principle's 
similar to thohc of Bier et al. (4) 
(private commmiication, Dr. E. E. 
Ecker; see also 17), so that necessary 
revisions of their publiabed conclusions as to the components of G' 
may be awaited. 

Throughout this section emphaius has been laid on the titers of C' 
and its components. Smee volume units have been used, and not 
units of wei^t, as, for example, in the quantitative method for whole 
G' (3,28,37,39), the data arc purely relative and give no clue to the 
actual content or concentration of any component. Nor do the titers 
even yield information as to the relative concentrations of the com- 
ponmits, since equal quantities of each component ore not necessa- 
rily required for hemolysis. The treatment given does, however, in 
spite of its shortcomings and inaccuracies, place the estimation of the 
components of G' on a rational basis. 

Figure 4 shows average titers of human and guinea pig C' and ap- 


Jl d] 


C'iiters 


il 


Fik 4 TiWtei of human (IluCO 
and fcuint^a pig (GPCV) romjilo- 
ment'B and thoir components (56c) 
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pradmftte of tlieir oompaoents so dotenniiuHl accordiog to Bier 
H al. (4). It is evident that the titer of human C' is limited by C'2 
and that of guinea pig C' by C'3. The highest titers are those of 
C'l sad C'4, and in guinea pig C' the titer ol the latter is often far 
hi^er than that of C']| which fumi^es much of the nitrogen added 
to specific precipitates by C'. In spite of this, only one third us much 
C'2, 4 as of C'l was isolated from guinea pig C' in the experiments of 
PiUemer ft al. (p. 102). If the yields were representative of actual 
quantities in guinea pig serum this could only mean that far less C'4 
than C'l is required for hemolysis. The titers, then, vary inversely 
as the amounts needed to lyse rod cells and are, therefore, wholly 
Ulusory as to the relative or absolute quantities involved. Con- 
ceivably, if any component of C' acts as an ensyme it is C'4, which is 
present in hi^ titer and performs its function in minute amounts. 

VI. Relation of Complement to Bactericidal and Opeonic 
Effects of Fresh Sera 

Recent attempts have been made to analyse the factors I'cspunsible 
for the opsonic (18,49) and bactericidal (18) activities of fresh sera and 
bo to place these determinations on a more quantitative basis. The 
concliifaion was reached (49) that the same C is the active factor as in 
hemolysis, that calcium ion is essential, and that C'4 is likewise 
needed, contrary to earlier belief (23). It was also concluded (18) 
that C'4 is required for opsonization but that sera lacking C'3 show 
little or no loss of opsonic activity. 

VII. Conduslon 

It is bhov^n in the present review that application to the btudy of 
C' of rigorous microanalytical methods yielding the result in weight 
units has led to an ebtimatc of the actual quiuitity of C' in the sera of 
various species and that the data not only furnish an inraght into the 
mechanism of immune hemolysis but, applied to C' fixatiou, are also 
compatible with quantitative theory. Precise spectrophotometne 
methods of measurement of the unit of C' causing 60% homolysib 
have led to a clear demonbtration of the activating effect of magne- 
sium ions and other bivalent ions and the consequent implication of an 
enzymic hypothesis for the mechanism of hemolysis. New light has 
also been throun, by use of these methods, on the fixation of C' by 
antigen-antibody combinatinns. Also, a more careful analysiB of 



112 


MICHAEL HBIDSLBERGBR AND MANEfifiD M. MATER 


the factors involved in the estimation of the components of has 
placed these determinations on a rational and useful basis, althou^ 
the methods are still crude and fail to conform to the criteria of quan- 
titative analysis. Isolation of relatively pure G'l and a fraction 
containing 0^2,4 have added to knowledge of the nature, amounts, 
and properties of these components of O'. It would seem that many 
of the tools are now available for the resolution of some, at least, of 
the remaining perplexities posed by the strange and baffling complex 
known as complement. 
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I. Introduction 

The physiological equilibrium between o-amino acids on the one 
hand, and of cr-keto acids and ammonia on tlie other, first demon- 
strati by Neubauer (46) and by Knoop (41), was assumed by the 
latter to involve the intermediate formation of an o-unino acid and 
two hydrogen atoms. For all amino adds except glycine, the possi- 
bility that tluh add mii^t itself be in tautomeric equilildium 
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with the correspcmding a,^unsaturated amino acid (ot-aminoaciylic 
acid and its higher homologs) was simnltanpously suggested by Dakin 
(17) and by Bergmann (9) — see reaction (I), where R represents any 
one of the natural side chains on the j9 carbon of the amino acids, 
t.e., C.TIs— , (CH,),CH— SH— , etc. 


R 

AhNHi 

d-OOH 


r-R R 

iiT. ^ Ah 

A=Nn ' JS-NU, 

LAoon Aoou - 


R 

•/«0i Ah* 

Aooh 


(I) 


The tautomers represented in the brackets in Reaction I are ex- 
tremely unstable and have never been isolated. They may be pre- 
sumed to hydrolyze spontaneously into the corresponding a-keto 
arid and ammonia. When, however, the nitrogen atom is acylated, 
the resulting compounds are entirely stable in aqueous solution under 
ordinary conditions. Such unbalurated compounds which arc rep- 
resented as follows; 

R R 


Aooh 

where R' may be an aliphatic or aromatic radical, all contain a sub- 
stituted amide bond, and because of this fact, plus that of their un- 
saturated character, have been given the designation of dehydropep- 
tides (3). 

On boiling dilute mineral acid solutions of Uie dehydropeptides, the 
corresponding a-keto acid, the corresponding acid from the acyl 
residue, and ammonia are funned. The same products are formed 
from dehydropeptides with suitable R and R' substituents wlien 
they are incubated under mild physiologic conditions with aqueous 
preparations of a wide variety of animal or plant tissues. Under 
such conditions, certain dehydropeptides were found to be eniymically 
hydrolyzed at the peptide bond with great rapidity in preparations 
of every animal and plant tissue stucUed (51). To the enzyme re- 
sponsible, the designation of dehydropeptidate has been given (6). 

Ihe dehydrqpeptidases act specifically upon peptides containing 
an a,j8-double bond adjacent to the substituted amidS bond, and arc 
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digtinct from those peptidases, such aedipeptidase, carboxypeptidase, 
etc., which catalyse the hydrolysis of the peptide bond unitiag the 
normally saturated a<amino acids. The hydrolysis of the dchydro- 
peptides may be conadered to occur in two consecutive steps, the 
first (III) being ensymic, and the second (IV) l)eing spontaneous: 


ECHjC(--NOOR')COOH 
RCH,C(=NH)COOH ; 

RCH»C(=NH)COOH ;= 


RCH-C(NHCOll0CO()H 
=i RCH-=C(NH»1COOH + R'COOIl aH) 

: RCH=CfNn.1CJ()OH v 


or; 

1 molr dehydropepiide i,. 1 mole o-keto add + 1 mule ammonia + 

1 mole acid from the acyl Ksidue 

Before describing the ensymic hydrolysis of the debydropeptides, 
it might be useful to review briefly the organic-chemical background 
of this class of compounds, and to indicate the relation of such com- 
pounds to analogous and derived products of physiologic interest, 
i.e., diacylaminopropionic acids, o-keto acids, and pyruvoylpeptides. 

II. Preparation and Properties of Dehydropeptldes and 
Related Compounds 

A. SYNTIIKSE8 INV0L\1NG AZLACTONE FORMATION 

The formation of the first unsaturuted aslactonc was reported in 
1883 by Plfichl (49), who condensed benzaldehyde with hippuric acid 
in the presence of acetic anhydride (V). The structure of the 

RC1I=€ — 0=-0 

i (!) 

V ^ 


product and the designation azlaclone given it was due to Erloruneyer 
(19), who extended the method of preparation to other aldehydes, 
and who established the usefulness of the azlactones as interme(^tes 
in the synthesis of a-keto and ae-amino acids (21), compare (.16). 
Erlenmcyer and Frtisttlck (20) noted that the ozloctone ring in many 
instances could be opened in the presence of cold alkali, leading to the 
formation of the corresponding a,i8-uiisaturated JV-acylated add, 
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and 1>y this means were the first to prepare a debydropeptide, in this 
instance, iiT’^ujetyl-o-aininooumamic acid (VI). 


CACHO + CHiCOOH 

iIh. 


A«0 


♦ C,tl.CH=C CM) 

(I 


tuo 


V 

<^/Hi 


CA 

iliNHCOCH, 

(!k)OH 


t3Jl. 
i!:h, 
(!;»ncocHi 
llx)OH 


(VI) 


The study of the aslactones, and their usefulness in preparing de- 
hydropeptides of various kinds, was undertaken by Bergmann and 
co-workers, and described in a notable series of publications. This 
work may be considered as comprising three parts: (a) extension of 
the dehydropeptide chain at the carboxyl end by permitting the asiac- 
tone ring to open in an aqueous solution of the sodium salt of on 
amino acid or in a nonaqueous solution of an amino acid ester (4,8,10) ; 
(b) extension of the dehydropoptide chain at the carboxyl end by 
treating the dehydropeptide with an aromatic aldehyde in the pres- 
ence of acetic anhydride and sodium acetate, thereby obtaining the 
adactone of a doubly unsaturated dehydropeptide, which on alkaline 
hydrolyns yields the free peptide with two dehydrogenated amino 
acid rendues (18) ; (c) dispensing with the need for employing an alde- 
hyde in the azlactone synthesis by employing either an IV-halogenated- 
acyl peptide, an iV-acylated peptide of serine, or an AT-halogenated- 
acyl peptide of phcnylserine (5,9,18): 

(a) The unsaturated adactones apparently react rapidly with pri- 
mary amines, in much the same fashion as do acid anhydrides, per- 


RCHM3 0=0 

V 


R' 

+ nHi(I;hc!OOH 


(VII) 


RCn-=C(NHCOR')CONHCHR'COOH ... 

RCH,C(=-NGOR')CONHCHR*COOH 
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mitting the fonnation of dehydropeptide ehaiiw lengthened at the 
catbosyl group of the ori^nal dehydrop<gitide (VIT). Tlie added 
amino acid may aleo be coupled to the dehydropeptide in the fonh of 
its ester, the coupled-product ester yielding the free peptide after 
saponification. 

(b) Dehydropeptides with a glydne residue at the carboxyl rad 
of the peptide chain, when treated with an aromatic aldehyde at 
40'’C. in the presence of acetic anhydride yield the azlactones of un- 
saturated peptides containing more than one double bond. Thus, 
^-acPtyl-a!-aminocinnajQoylglycinc plus benzaldehyde yields, by 
way of the intermediate azlactone, iV-acetyl-o-aminocinnamoyl-a- 
aminocinnamic acid (acetyldehydrophenylalanyldchydrophenylalan- 
ine) (Vin). 


CHCtHi 

cntCONiiJicoNHCUjCoou + cai,cHo 


AmO 


(VIII) 

CllCOIt CHC.TI. aiicji, 

t’-lhC’/ONllic CIIiCONlll;CONIICCO()H 

L 0 ,i alksli II 

CUCtHi 


The peptides and azlactones containing one or several double bonds 
may be expected to exist in several storcoisumeric forms. The use of 
p-hydroxybenzaldehydc in place of benzaldehyde makes accessible 
peptides containing the dehydrogenated tyrosine residue. Peptides 
containing a dehydrogenated aliphatic amino acid can also be pre- 
pared by utilizing the azlactone derived from the corresponding N- 
balogenated acylomino acid, a reaction described in the following sec- 
tion. 

(c) By iiaing JST-halogcnated acylomino acids with acetic anhydride, 
the use of the aldehydes in the preparation of the unsaturatod adac- 
tones can be avoided. Thus iV-chloroaeetylphenylalanine or N- 
chloroacetyllouciiie when warmed with acetic anhydride readily form 
the azlactone by splitting off not only water but hydrogen chloride 
(IX). In the presence of pyridine, the formation of the azlactone 
from the JV-halogcnacykted amino acids proceeds very rapidly (16). 

Another way of dispensing with the use of the aromatic aldehydes 
is to employ JV-acylated peptides of serine. The presence of the hy- 
droxyl group on the fi carbon of serine provides a means whereby 
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C.H. 


1 

AolO 

k 

djH, 

(JHNHCOOIljCl 

djooii 

djH-Nv ” 

1 VXJHjCl 

<30-0/ 


CJI, 

1 

c,n. 

1 


djHi 

II _ 

H.0 CH 


A— N. 

alLtU dijNHCtK'lb 

(ioOH 


or 


(CH,). 

(CH,), 

(■jH 

1 

(3n 

1 

CH, — 

» CH, 

djHNIlCOt'HiCl 

C0-(/ 

(''OOII 


CCH, 


CiHi 

CHi 

"^(C^Nv 


C,H. 

iiii 

(i—NCOCH* 

(f'OOlI 


(Ciu, 

(I'll 

i^NlICOCIIj 

diooii 


(IX) 


(CH,)i 

(^II 

!"■ 

C=-N(X)CII, 

(^0011 


through removal of the elements of 'vvater on adjacent carbons on 
a,fi double bond can be introduced. Thus, glycylserine is readily 
eyclized (5) by loss of two molecules of water to form the 3-methyl- 
ene-2,5-diketopiperazme, which is in effect a cyclic anhydride of 
o-aminoacryUc acid with glycine. On mild hydrolysis with mineral 

CH, 

-2 no tX)-NH-l!' (X) 

NH,CH.C()NHCH(CfIjOH)COOH ► I I 

CHi-NII-CJ() 

* (>*=c(CH*)roNHCii,rooii 

and 

acid, the diketopiperazine ring is opened and pyruvoylglycine is 
formed (X). 
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Pheoylserine can serve in place of serine in tiais oonneotion. When 
J\r-ohloroaoetylphenylBerine is dehydrated under carefully ccmtndled 
conditions by acetic anhydride, the oorrcsponding aslaotone is fonned 
with the chloroacetyl residue intact. On hydrolysis with dilute al- 
kali, the ring is opened, and an o-halogenated acyldehydropepUde 


C«II» 

CHon 

(WllGOCHia 

iooH 


cai. 



HiO 


UlNHCOCH^l 

iooH 


(XI) 


C(H. 

(^IIi 

i-^NCOCHtCl 

(*X)OH 


(iV-chloroacetyldphydrophenylaLaninp) is formed (XJ). On aminar 
tion vrith aqueous ammonia, the rorrosponding glycyldehydrophenyl- 
alanine is produced (XTI). 


C.II» 

Ah 

l!NHCOCn,NH, 

I 

COOH 


G,U. 

Ahi 

” A=NCOC1TiNII, 

Aooh 


(XII) 


Glycyldebydrophenylalanine was the first representative of this 
class of substances which possessed both a free o-amino group and a 
free ce-carboxyl group, and thus facilitated and encouraged the use of 
such substances in studies of tissue metabolism. Peptides in which 


COT, 

Ah 

Ij— N v 

CO-<V 


4 NIliCILCOOH 


C,Ui 


* ONHCOClliNII, 
AoNHGHiOOOH 


CiH, 

Ah 

ANHCK)Clbn 

1 

CONHClIjWOH 

(XIII) 

CW, 

All, 

cLn(;o(^i1iNH, 

AoNIICHjGOOH 
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the dohydrophenylalanyl remdue was in the middle of the ehain could 
be prepared by letting the adactone ring in XI open in the preaonc(‘ 
uf sodium glycinate (see a, above) obtaining thereby J^-^hlorosco- 
tyldehydrophcnylalanylglycinc, which on subsequent aminatiou 
yielded glyoyldehydrophenylalanylglycine (XIII). 


B. SYNTHESia INVOLVINCJ CONDENSATION OF AMIDES 
AND o-KCTO ACIDS 


Bergmann and (kafc (3) noted that heating a mixture of acetamide 
and pyruvic acid under reduced pressure led to the formation of a 
mixture of a,ac-diacctaminopropionic acid and ae-ocetaminoacrylic 
acid (XIV). Depending therefore on whether one or two molecules 


(1 or 2) C1I,C0N11. 

"I" — I 

CHrfX)C001I 


CII,(50NnC(— C11,)COOII ^ 

CIIiCON— C(CIh)C!OOri + HsO 

(XIV) 

CHiCONH CIU 

+ ji,o 

/\ 

ClhCONII COOH 


of amide, reacted per molecidc of pyTUviu arid, acetauiinoucrylir arid 
or the diaoetamiuopropionic acid, respectively, was formed. Tlie twr> 
prpducts eoidd be separated from each other by fractional rrystallim- 
tion in ethyl acetate. From the pure diaectaminoproi>iunic acid 
the dchydropeptidc can be prepared by warming with glacial neelie 
acid (XV). The reversibility of reaction (XV) was demonstrati'd 

(CH,CONID,C(CH,)COOII , ■ - ^ C]I,C0NHC(--ClIi)C001I 

+ ClhCONH, (XV) 

by Shemin and Herbst, who prepared diacctominopropionic acid by 
heating a mixture of acetnminoacrylic acid and acetamide (50). 

In a careful study of the interaction of acetamide Miith pyruvic acid, 
Herbst (39) showed that the first step in the condensation probably 
consists of a complex uf one molecule of o-hydroxy-a-acetamino- 
propionic acid with two molecules of acetamide (XVI) . The complex 
on heating in vacuo decomposes to the products noted. 


• 2 UlhCONH, (XVI) 
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'rhat other acid amides would condeiw with pyruvic add by 
simply warmini; mixtures of the two reactants was shown by Barg- 
mann and Orafc (3), who obtained a mixture of chloroacetamino- 
aciylie arid and a,ae-dichloroacetaminopropionic add from chlaro- 
acptamide and pyruvic add, by Nicolet (47), who obtained a mixture 
of a,oKlibensuylaminopropi(mie acid and acbensoylaminoacrylic 
acid from bensamide and pyruvic acid, and by Martell and Herbst 
(44), who prepared a number of beniyl carbonyl derivatives by em- 
ploying bensyl carbamate with a variety of ketones. Condensation 
of pyruvic acid with formamide leads to the formation of o-bydroxy- 
o-formaminopropionic acid, which decomposes to yield oe-formamino- 
propionic add (56 b). 

According to Martell and Herbst (44), the interaction between 
amide and keto acid involves the primary addition of amide to the 
carbonyl group, followed either (a) by direct replacement of the hy- 
droxyl group by another amide residue (see XVI) to form the di- 
acylaminopropionic acid, or (5) by elimination of water with forma- 
tion of unsaturated intermediates (acylated aminoacrylic acids), to 
which, with proper conditions, a second mole of amide may add. 
Shemin and Herbst had notiod the reversibility of equation XV (56). 
They were, however, unable to demonstrate (.his reversibility when the 
keto acid was phenylpyruvic acid, for Hcetumide would not condense 
with acetaminocinnamic acid. This discrepancy was ascribed (44) 
to the tendency of the phenyl group in the aminocinnamic acid deriva- 
tives to hold the side chain double bond in a position conjugated 
vith the aromatic ring, and thus to prevent the tautomeric shift of 
the double bond to the carbon-nitrogen position. Thus, although 
diacylaminophenylpropionic acids may be prepared by heating two 
molecules of amide with one of phenylpyruvic acid (44), and acet- 
aminocinnamic add can be prepared by heating one molecule of 
acetamide with one of phenylpyruvic acid (56), it is’apparently im- 
poesiblc to prepant the diacylaminophenylpropionic adds by con- 
densing acylaininudnnamic acids with amides. For this class of 
compounds, alternative a above apijcain to hold, wheieas it seems 
probable that iilU-niative b may hold for pyruvic add derivatives. 

llie preparation of acylaminoacrylie adds (dehydropeptides) from 
the corresponding diacylaminopropionic adds suggests that one of 
the amide residues in the diacylaminopropionic adds is relatively 
labile. In other words, it might appear that the diacylaminopropionic 
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acids are probably aoylaminoacrylic acids to which an amide residue 
is more or less loosely attached at the double bond (XVII). 


RCHsCON=c/^^^' \ . /H-CJI.CONHv yCH« \ 

^RCJHsCONIIj \RCHiCONH/ ' XXX)H/ 


(XVU) 


However, under ordinary circumstancos in aqueous solution, the 
diaoyhuninnpropiunio acids are quite stable compounds. When one 
of the acyl groups is removed and the amino group is free, as in oe- 



Fir. 1. Spout aiirouB hydrolysu 
nf a-Bretemino-a-aminopropioiuc 
arid to pquivalrnt amounts of am- 
monu and pyruvic acid (32) at 
37 '‘C. : upper curve, with rat kidney 
e^tract, lower curve, in water. 


acctamintvo-aminnpropioiiir acid (2) the compound (s vei^' unstable 
in aqueous solution, and as shown by Goiiijnlves and Gn'cnsleiii (32) 
spontaneously decomposes into one mole of ammonia, one mole of 
pyruvic acid, and one mole of acetamide (Pig. 1), In the presence of 
aqueous rat kidney extract, tliis spontaneous decomposition is ac- 
celerated (XVill). 

cn, A'lh n,o 

Mi/ VOOH ^ (’H,CO(X)C)H + 

fXVIII) 

In order to prepart' large quantities of pure diarylaminopropionic 
acids umnixed with the corresponding aeylaminoatirylic acids, Gon- 
salves tuid Greenstein (32) employed a reaction firet described by 
Bbttiuger in 1881 (13) which consisted in adding an excess of nitrile 
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to a solutioa of pynivio acid in chilled cuncentrated sulfuric acid. 
On pouring the reaction mixture into ice, the deiuied diacylamino* 
propionic acid appears in good yield. In this way, considerable 
amounts of ciystalliae diacctominopropionio acid (34) and dichloro- 
acetaminopropionic acid (32) were prepared. 

The Bottinger synthesis ma}' be considered as proceeding by two 
steps, the first a condensation of nitrile with koto acid to form the 
corresponding dehydropeptide, followed by the fixation of a second 
molecule of nitrile in the presence of water (which forms the nascent 
amide) on the double bond of the dehydropeptidc, yielding finally 
the diacylaminopropionic acid (XIX). On treatment with aqueous 

RCHiCN + CHiCOCOOH ► RCHrf5OM=C(0UdC300H (XIX) 


+H,0 

RCHiON 


(RCiW30NH)C(CU,)C00H 


ammonia (XX), the a,oHliehIoroacetaminopropionic acid yielded 
a,a-dig1ycylaminopTopioiuc a<'id hydrochloride, which was stable 
and neutral in reaction in aqueous solution and which possessed the 
following dissociation constants at 25^0. (32) ; pKi = 1 . 8 , pEa » 8.1, 
pKi » 8.1. The constant pKi refers to the dissociation of the car- 
boxyl group, and the constants pKj and pKj refer to the dissociation 


dCHiCONHv^X’U, 
ClCHiCONU^ \rf)f 


coon 


NlIjCUiCONII 

NHjClhCONIl 



Clb 

coon 


■net (XX) 


of the tw'o amino groups. The fact that pKi = pKs suggests that 
the amino groups ionize independently of each other. 

Analogous reactions involving DL-ehloropropioniinle were studied 
by Price, Errera, and Greenstem (53), and led to the preparation of 
a,aHli(i>L-chloropropionylamino)propiunic acid, which on oininatiou 
formed successively a-(DL-chloropropionylamino)-a(-(Dii-BlBnylam- 
ino)propionic acid and a,a-di(Diralanylamino)propiunic acid hydro- 
chloride. 

Some attention has been paid to the diacylaminopropionic acids 
because of their relation to the acylaminoacrylic aci^ (dehydro- 
peptides). As will be described below, diglycylaminopropionio add 
is a substrate fur powerful enzymic activity in animal tissues, and the 
mechanism of the breakdo\\'n of this substrate may well involve the 
intermediate formation of the dehydropoptide, glycyl-ot-aminoaciylic 
add (glycyldehydroalanine). The reversible relation between the 
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dehydropeptides and the ooneBpmding diacylamhiopropionic acids 
may therefore be generally expressed as in reaction (XXI). 

RCHiCONHi + RCHrf30N*C(CH,)C0OTI - > 

(RCH,CONH)»C(CII,)COOn (XXI) 

C. SYNTHESES INVOLVING CONDENSATION OF NITRILES 
AND a-KETO ACIDS 

A relatively simple method of preparing certain dehydropeptides 
in hi^ yield and purity was developed by Rice and Greenstein (51). 
This was based on mixing the desired nitrile with an excess of pyruvic 
acid and saturating the mixture with dry hydrogen chloride gas. In a 
brief period of time the dehydropeptide is nearly quantitatively 
formed. The reaction may be interpreted as due to the primary for- 
mation of the imino chloride of the amide, which then reacts with the 
enolic form of the pyruvic acid (XXII). 

RCHjCN — > RCHiC<^” 

^NH .NH 

R(ai,C<f + OHC(=CH,)COOH > RCH,c/ 

H)C(===CH,)C00H 

(XXII) 

,, . RCH,CONHC(=CII,)COOII ?==± RCH,CON =«C(CII,)COOH 

In this fashion considerable quantities of chloroacctylaminoacrylic 
acid (chloroacetyldehydroalanme) and o-chloropropionylaminoacrylic 
acid have been prepared, from which the eorresponding glyoylde- 
hydroalanine and DL-alanyldehydroalanine have been derived by 
amination in aqueous ammonia (51). So far as can bo observed, the 
reaction is limited to the use of nitriles with a halogen substituent on 
the a carbon, for acetonitrile failed to react under these conditions 
with pyruvic acid. For the preparation of acetaminoacij'Iic acid 
(acets'ldehydroslanine) therefore, it is best to first prepare the diacet- 
aminopropionic acid and to subsequently q)Ut tUs compound into 
the dehydropeptide and acetamide by means of warm glaeia l acetic 
add (3,34). For the preparation of the o-halogenated dehydropep- 
tides, the reaction of Price and Greenstein is simplest and most di- 
rect. 

The reactions given in XXII are essentially similar to those which 
yidd the diacylaminopropionio acids by the Bfittinger synthesis 
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(X1X)> In. the former, tiie pyruvic tMsid is in excess and moisture is 
carefully excluded. In the latter the nitiile is in excess, and the 
presence cS water is necemry to add the second amide residue to the 
dehydropeptide. 

D. PYRUVOYIPEPTIDES 

Dipeptides of oE-ammoaciylic acid on complete hydrolysis by acids 
or by aa^ymio action yield, among other products, arnmnniw. and pyru- 
vic acid (III, IV, page 1 19). Tripeptides in which the dehydroalanyl 
residue is in the middle of the peptide chain would, on controll^ 
hydrolysis only of the acyl residue, yield pyruvt^lpeptides. Thus, 
Bergmaim and Grafe (4) noted that a,(iHliacctaininopropionylgly- 
cine on wanning with hydrochloric acid yielded acetic acid, ammonia, 
and pyruvoylglycine, while similarly Fruton and Bergmann (28) 
noted that o-acetaminocinnamoylglycine yielded acetic acid, am- 
monia, and phenylpyruvoylglycine. 

(C1I,CONH),C(C1I,)COOH — > (XXim 

2CH,OCX)n + 2NH, + CH,COa.>NHCH.COOH 

CH,COHNO(=CHCeHi)COOH ^ > 

CHjCOOU + NH, + CiH,CHrfX)CONHCHiCOOH 

Fruton and Bergmann (28) showed that such a-keto acid peptides 
as phenylpyruvoyl-L-phenylalanine ore very susceptible substrates 
for crystalline carboxypeptidase. On reductive amination, Herbst 
noted that the pyruvoylpeptides are converted to the corresponding 
saturated peptides, pyruvoylglycine thus yielding nn-alanylglycine 
(40). 

Another procedure whereby keto acid peptides are obtained is the 
miiH hydrolysis of the cyclic anhydride of aminoacrylic acid with gly- 
cine or alanine (5) (see reaction X). 

Errera and (ireenstcin (24) observed that pyruvoylglycine pos- 
sessed a pK » 3.3 at 25°C., readily formed a crystalline dinitrophenyl- 
hydrasone, was easily hydrolyzed quantitatively by hot hydrochloric 
acid to pyruvic acid and glycine, and in aqueous solution at pH < 
10 yield^ a characteristic ultraviolet absorption spectrum with 
ma-rimii. at 2400 A and at 3400 A. When the aqueous solution was 
hmngbt to B pH > 10, the Compound no longer yielded a dinitro- 
phenylhydiBZone, on boiling with hydrochloric acid no pyruvic acid 
or glycine could be recovered, and the absorption maxima in the 
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ultraviolet disappeared. Hie pK at 25° was still 3.3, and the nitrogen 
content of the isolated material was the same as that of pyruvoyl- 
glsrcine. The origmal properties of the pyruvoylglydne which wore 
lost in alkaline solution were not restored on acidification. These ir- 
reversible phenomena were interpreted as being due to an intra- 
molecular rearrangement of the a-keto acid peptide which occurs in 
alkali, to form the y-hydroxypyrr olid one carboxylic acid (XXTV). 

■Ikali 

Cn,COCONHCH,COOII » CIIf=C(01I)C0NHCH,C00H (XXIV) 


HO-CH-CH* 



The position of the hydroxyl group in the pyrrolidone ring is 
mmilftr to that in hydroxyproline. It is possible that the selective 
hydrolysis of peptides containing an a,j3-dehydrogenated amino acid 
residue would, under physiologic conditions, lead to the production 
of keto acid peptides, which under suitable circumstances could be 
converted to saturated peptides or to amino acids with ring com- 
pounds of the pyrrole type. That certain peptides such as cliloro- 
acetylglycine may readily be convorled in vitro to pyrrole compounds 
had been shown by Bergmann, Zervas, and Jjebrecht (12), and these 
authors stressed the ease of interconversion of the various types of 
protein-bTiilding materials. 

Subsequent studies by Errera and Greenstein (25) on the absorp- 
tion spectra in the ultraviolet of aqueous solutions of phcnylp 3 naivio 
acid and of phenylpyruvoylglycinc showed that, at pH 7.8, the ^rmer 
possesses an absorption band at 2850 A, and the latter at 2500 A. 
When these solutions were brought to pH 11.5, the spectra altered 
immediately, and a well-marked maximum at 3250 A appeared for 
both compoimds. On bringing the solutions back to pH 7.0, the orig- 
inal spectra for both compounds was restored. The alkalinisation of 
pyruvic acid, of phenylpyruvic acid, and of phenylpyruvoylglycine is 
reversible; that of pyruvoylglycinc is irreversible, 

E. ULTRAVIOLET ABSORPTION SPECTRA 
OF THE DEHYDROPEPrmES 

As described above (II, III, page 119), the dohydropeptides exist 
in aqueous solution in a tautomeric equilibrium of several forms. It 
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would therefore be expected that thdr absorption spectra in the iil^ 
traviolet would reveal characteristic properties and indeed this was 
found to be the case. Carter and GreenHtein (14) noted that the 
aliphatic dohydi'opeptides possessed a characteristic abnoiption in 
the ultraviolet with a maximum at 2400 A (I<'ig. 2). The shape of 
the absorption curve for the acylated peptides of o-uminoaeiylic acid 



WAVE LENGTH, 1 

Fig. 2. Absorption I'urvcH in the ultraviolet of jx-ptidcB of de- 
hydroalanine iind of alanine u( pll 7.0 (51). 

was practically independent of the nature of the acyl residue (60). 
The saturated analogs of the dchydropeptidcs reveal little absorp- 
titm, and that not chanuiteristic, in the ultrimolct region. 

The shape of the absorjJtion curves for acylated peptides of a- 
aminophenylacTylic acid is considerably dilTorent from that of the 
aliphatic dchydropeptides (Mg. 3). The curves for the aromatic 
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ddiydropeptideB poaseas a mininimn at 2400 A and a maximum at 
2750 A. In general, theae curves resemble those of the saturated 
analogs of the phenylated amino acids (Fig. 3), but the amount of 
absorption of the dehydropeptid^ is considerably greater, and the 



Fig. 3. Abaorption curves in the ultraviolet of peptidrs of dehydrophenylalanine 
and phenylalanine at pH 7.0 (51). Middle curve is for phenylpyruvic acid. 

mavimiiin is shifted from 2600 to 2750 A. The presence of the reso- 
nating double bond adjacent to the phenyl group enormously en- 
hances the absorption of ultraviolet li|^t by the entire molecular sys- 
tem. As in the case of tiie aliphatic dehydropeptides, the shape of 
the aromatic dehydropeptides is largely independent of the nature of 
the aoyl residue (51). 

The absorption curves in the ultraviolet for acotyldehydrotyroeine 
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wew detenmndd at 2 j>H values by Pruton et ol. (29) (Rg. 4). 

In oontrast vnth characteristic absorption of acetyldehydroalanine 
that of aoetyldehydroaminobutyric acid, acetyldehydrovaline, and 
aeetyldehydroleucine isonly general, although in oonaiderable excess 
over that of their saturated peptide analop (29,52a). 



I ■ I ' ■ L 

2600 3000 3400 2600 3000 3400 

WAVE LENGTH, 1 


Fig. 4. Absoiption curves in the ultnvinlet of aoetyldehydro- 
tyrosine end related compounds in ahid (pH 2) and alkaline (pH 11) 
solution, (yurves la and lb, acetyldehydrotyrasine; curves 2a 
and 2b, p-hydroxyphenylpyruvic soul; curves 3a and 3b, acetyl- 
tyrosine (29). 

F. CHEMICAL REACTIVITY OF DEHYDROPEPTIDEB 

As Bergmann and collaborators have shown (3,5,9,10), the dehy- 
dropeptides readily take up catalytic hydrogen at the double bond 
to form the saturated nii-peptide analogs. Alkaline permanganate 
and elemental bromine are also takm up at the double bond, 
(^antitative studies by Eiger in the writ6»‘’s laboratory on the 
amounts of Br consumed by acetyldehydroalanine revealed that 
nearly the theoretical amount of Br was taken up by this compound. 
No splitting of the halogenated compound appeared to occur (pro- 
duction of ammonia), and the characteristic absorption of the original 
dehydropeptide in the ultraviolet disappeared, a more general type 
of absmption tEdting its place. 

Ghloroacotyldchydroalanino treated with aqueous ammonia at 
0° or at 25°C. invariably yields the corresponding glycyldehydro- 
alanine. However, chloroacetyldehydroalanine, treated with aqueous 
methylamine, yields at O” the corresponding sarcosyldehydroalanine, 
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and at 25° jripldH HarcoRyl-cMiminChjS-methylammopropionio acid 
hydrochloride (52). When treated with aqueous dimethylamino 
at either 0° or 25°, chloi'oacptyldeliydrualanine yields iV,iV-dimethyl- 
glycyl-a-«mino-/9-diinpthylaniinopropionic acid hydrochloride (52). 
Thus, methylamine and dimethylamine may, under relatively mild 
conditions, substitute not only at the o^-carbon but also at the double 
bond of ehloroacetyldehydroalanine, producing saturated peptides. 

Addition of uioreaptan at the double bond of dehydropeptides 
has been reported by Nicolct (48). A synthesis of cystine was 
achieved by heating acctyldehydroalunine witli beuzylmercapton. 

III. Enzymic Hydrolysis of Dehydropeptides 
and Related Compounds 

A. DISCOVJIHY A.\D SPECIFK'ITY OF DKHYDltOPKFTIDARK 

ACTIVITY 

In 1930, Bergmonn, Schmitt, and Miekcley (8), with the statement 
that “ea scheinen uns biologische Umbou- und Abbaureaktionen von 
Peptiden mdglich, die nieht die vollige Hydrolyse bis zu den ein- 
fachen Aminosauren voraussetzen,” investigated the effect of in- 
eubating eommereial poncreatin with a number of ])eptide.s of de- 
hydrophenylalaninc (aminocinnamic acid). There appeared to be a 
very slow but definite splitting of glveyldehydrojdienylalanine into 
glycine, ummoma, and phenylpyruvic acid, (’hloroaeetyldehydro- 
phenylalanine was apparently not spUt at all under these conditions. 

The study of the enzymic hydrolysis of glycyldehydropbenylalaninc 
was carried further by Bergmanu and Schleieh (C), wdio noted the 
following: (a) purified and highly active preparations of cUpeptidase, 
aminopolypeptidosc, curboxypeptidase, trypsin, and pepsin, which 
rapidly split peptides of the normally saturated amino acids, liad no 
effect upon glyeyldehydrophciiylnlonine, (5) extracts of animal kid- 
neys were a good source for the enzyme or enzymes which attacked 
^ycyldehydrophenylulanine, \\hile extracts of yeast, intestinal mu- 
cosa, liver, stomach, muscle, brain, and fresh pancreas were largely 
inactive to tliis substrate, (c) the kidney preparation is rapidly inac- 
tivated by cyanide, (d) tripoptides, such as glyej'ldchydrophenyl- 
alonylglyciiie, in which the dehydrogenated amino acid is in the mid- 
dle of the chain, are not enzvmieally attacked, thereby suggesting 
that the action of the effective enzyme may requiro the presence of a 
free carboxyl group, (e) the pH optimum for the splitting of glycyl- 
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dchydiophenylalanine in kidney extract is about 7.6, and (/) neither 
acetyldehydrophenylalaiune nor chloroacetyldehydrophenylalanine 
were split by ]d(bey extracts. 

The possibility that the substrate was split not at the peptide bond 
but rather at the C~N bond on the cinnamic acid chain to yield gly^ 
oino amide and phenylpyruvic acid was dismissed by Beigmann and 
Schleich (7) on the ground that glycine amide with the enzyme prepa- 
rations used yielded ammonia too slowly to satisfactorily account for 
the ammonia noted in digests with glytyldehydrophenylalanine. 

On the basis of those findings, Bergmann and Schleich announced 
in 1932 (6) the discovery of an enzyme in kidney which wo^d speci- 
fically split glycyldchydrophenylalanine into ammonia, phenyl- 
pyruvic acid, and glycine, and to which the designation dehydro- 
ppptidaxe was given. 

n. DISTRIBUTION AND ACTIVITY OP DPHYDKOPEJTIDASES 

From 1932 to 1944 no further attentinn was paid to the topic of 
the enzymic hydrolysis of the dehydropeptidos until tliis subject 
was taken up in the writer’s laboratory, (ircenstein and Lcuthardt 
had noted (37) that the rate at wliieh peptides of cystine incubated 
with fresh homogenates of rat liver yielded hydrogen sulfide, am- 
monia, and pyTuvie acid was very close to that at which cystine itself 
yielded thew* ])rodiiets. Two poosiblc expLinations were: (a) the 
peptides were split to free cystint* and the other amino acids at an 
extremely high rate by dipeptidaso, carboxypeptidase, or amino- 
polypeptidase in the liver homogenates, and the es^sliue then meta- 
bolized, or (b) the eystino peptides w'ere first desulfurated, yielding 
the corresponding debydropeptides, which then by the action of 
powerful dehydropeptidiise activity in the digest produced ammonia 
and pyruvic acid. Tlie decision betAveen these alternatives rested 
largely on the relative susceptibility of the Siiturated iieptides and 
of the unsaturated peptides to enzymic hydrolysis in fresh tissue 
homogenates. When it was noted that the usual substrates for 
dipeptidase (DL-alanylglycine), carboxypeptidase (chloroacetyl-nir 
tyrosine), and arainopolypeptidaso (triglycino' were split relatively 
slowly, whereas glycyldehydroalanine was split very rapidly, it ap- 
pear^ as if alternative b above might be eoncct (37). 

With these observations, which in the case at least of the cystine 
peptides appeared to support the original Bergmann thesiB that amino 
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adds rnidit be metaboliMd while th^ are yet in peptide linka^, it 
was oonaidered of intereat to examine the ausoeptibility oS a number 
of the dehydropeptides to the action of fresh homogenates from a 
wide variety of animal and plant tissues, utilising quantitative meth- 
ods of determination for following the splitting of the substrates and 
for observations on the end products of the reactions. It was ob- 
served that for one of these substrates at least, alanyldehydroalanine, 



Fig. 5. ProgreaBive change in the absorption curve 
of acetyldehydroaianine as a result of digestion with 
rat kidney extracts (34). 


an enxyme existed in very high activity in every tissue studied, and 
that therefore dehydropeptidase activity was one of the most inten- 
sive as well as extensive intracellular metabolic systems in animni 
and plant tissues (14,51). 

Dehydropeptidase activity in tissue extracts and homogenates can 
be measured equally well in eithra of two ways, chemically, by mean- 
uring the rate at which ammonia or keto acid appears in the digests 
(37,51), or spectrophotometrically, by measuring the rate of dia> 
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appearance of the abaorptioii band at 2500 A in the oaae of the ali- 
phatic dehydropeptides (14,34,51) and at 2750 A in the case of the 
peptides of d^ydrophenylaianine (51) . Figures 5 and 6 demonstrate 
the changes in the absorption curves of acetyldehydroalanine and of 
glycyldehydrophenylalanine as these substrates are progressively 



Fig. 6. Progressive rLangr m the absorption curvp of glyiurldebydrophpnyl- 
abuiine as a result of digestion with rat kidney extracts (61). 


split in tissue digests to products which include, respectively, pyruvic 
acid and phenylpyruvic acid. The shapes of the absorption curves 
in each case approaches, at the end of hydrolysis of the ddiydropep- 
tides, those of the respective keto acids. 

A ainiilnr procedure was employed by h’ruton, Simmonds, and 
Smith (29), who measured the dehydropeptidasc activity of growing 
Btcherkhia colt cultures by noting the decrease in the absorption at 
two wavelengths of acetyldehydrotyrobinc, namely, at 3050 A and 
2750 A (see Fig. 4). 
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A note of caution must be suggested in dealing with the speotro- 
photometric determination of dchydropeptidaae activity when gily'* 
cyldehydrophenylalanme is used as substrate. Examination of 



WAVE LENGTH m/i 


Fig. 7. Changi'B in ab&oiptiou of glycyldt-hydruphcnalaniuc 
(5.7 X 10' ' Af) when incubated with purified dehydropeptidase I 
(0 00125 mg. enzyme N per cr. reaction mixtun') at 38” in 0 02 Af 
borate buffer pll 8.1 (65). Times in minutes: A ■> 0, B - 10, 
r - 20, U - 40, E * 100, F - 205, G - 720, 11 - 1140. Step 
A-C, enzymic (hydnilysis of pc‘p1ide bund, no apjH'arance uf am- 
monia, inlubited by ej'anide, heat-labile), compare n'action 111; 
steps C-H nonenzymie (ammonia produrlion, increased by heat, 
slowed by cold), compare reaction IV. Ordmate observed optical 
density, 1-cm. cell. 


Figure 6, curves 5 and 6, suggests that, during the course of the en- 
zymic digestion uf glycyldehydrophcnylalanine, an absorption maxi- 
mum at the longer wavelength of 2950 A appears. This phenomenon 
is more vividly illustrated by the data of Shack (55) obtained with a 
highly purified dehydropeptidase preparation and low substrate 
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conceniration (fig. 7). It would appear that the hydrulyRiR of this 
substrate may occur in two stops, each at a different rate, of which 
one step at least is enzymic, and that misleading kineiic data would 
occur if the hydrolysis is followed at only a sinfde wavelength. The 
phenomena shown in Plguros 6 and 7 may assist in nitplftiiiin p; some 
of the anomalies noted by YudMu and Fraton in their studies on 
the enzymic hydrolysis of glycyldehydrophenylalaniue (68). It 
is possible that the stabilizing influence of the benzene ring adjacent 
to the double bond permits of the existence of oue or more tautomeric 
forms, which in aliphatic compounds of this type would be much 
more unstable. Figure 5, for example, reveals no presence of any 
intermediate form during the digestion of acetyldehydroolanine. If 
the intermediate compound suggested in figures 6 and 7 is actually 
tile o-imino fonu of phenylolaiiine, reaction (I), due essentially to 
Enoop, would be eiqsoriinentally realized. 

The wide variety of tissues which possess dehydropeptidase ac' 
tivity, and the relative susceptibility of various dehydropeptides, is 
illustrated in Table 1. The rate at which onimoiiia nitrogen appears 
in digests of the various tissues, over the region where the evolution 
of ammonia occius nearly linearly with time, was employed to meas- 
ure the dehydropeptidase activity. nn-Alanyldehydroalanine, only 
one of whose optical components is split (.ll), and glycyldehydro- 
ahuiine are hydrolyzed in extracts of all tissues studied (Table I). 
Glycyldehydrophenylalaniue is hydrolyzed at a markedly slower 
rate. Chloroacetyldehydroalonine and DL-a-chloropropionyldehy- 
droalonine are hydrolyzed only in extracts of kidney, liver, pancreas, 
and some plants, while acctyldehydroalanine is hydrolyzed in ex- 
tracts only of kidney, liver, and mushrooms at a rate lower than that 
of chloroaeetyldehydroalaninc. Acetyldehydrophenylalanine and 
chloroacetyldehydrophenylalanine are apparently not affected in ex- 
tracts of the tissues studied. 

Fruton, Bimmonds, and Smitii (29) have shown that growing (but 
not resting) cidturcs of E. coU con metabolize aoctyldohydrotyrosine 
and acetyldchydroalanine, but not acclyldehydruphenylalaniue. 
The metabolic product of aeetyldehydrotyrosi»’e appeared to be a 
derivative of AT-acetyltyraiuine in which the side chain had under- 
gone oxidation. 

Because of the relative distribution in tissues of the capacity to 
split glycyldehydroalanine, on the one hand, and chlnroacetyldehydro* 
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alanine, on the other, it ia believed that there exist at least two de> 
hydrcpeittidasea (37). One of these, desiipiated by Greoistein and 
Leuthudt (37) dehydropeptidase 1, ia present in all tissues, and for 
which as substrate glycyldehydroalanine is suitable; ihe other, 
designated dehydropeptidaso 11, is piescnt in only a few tissues, and 
for this enzyme chloroacetyldehydroalanine is suitable as substrate. 
Confirmation of the presence of at least two separate dehydropep- 
tidases with' the specificities noted was obtained by Shack by means 
of fractional centrifugation and alcohol precipitation techniques, at 
low temperature, of kidney and of liver extracts (see p. 143) (54). 

ChloToacetylglycyldchydroalanine is hydrolyzed at the some rate 
as is glycyldehydroalaninc (Table 1). Since no ct-amino nitrogen is 
liberated in digests of the former, it is evidently hydrolyzed only at 
the dehydropeptidc bond. The enzyme rcsiMMisiblc is dehydropopti- 
dase 1, a fart still more clearly shown by the use of Shack’s purified 
dehydropeptidase preparations (see tabulation on page 144), Since 
chloroacetylsarcosyldcliydroalanine is nut hydrolyzed, it would appear 
that the stnictural requirements of the .sulistratc fur dchydropepti- 
dase I do not necessitate the presence of a free a-amino group ad- 
jacent to the dehydropoptide bond, but only the presence of an a 
nitrogen atom to which at least one hydrogen is attached. Dehydro- 
peptidase II can dispense with this requirement although the presence 
of an oi-chloro atom on the acyl residue makes the substrate more sus- 
ceptible to the action of this enzyme. The presence of a 0-phenyl 
group adjacent to the double bond in the dchydrophcnylalanine pep- 
tides reduces the sU8ce]>tihility of this class of compounds to the ac- 
tion of the dehydropeptidases. Differences in the activity ratios of 
the substrates in various tissues (Tables I and 11) suggest the possi- 
bility that dehydropeptidases I mid II may be further fractionated 
into subgroups. 

The last point is emphasized by the resistance of chloroacetyl- 
glycyldehydio])henylalanuio to enzymic attack, and by the totally 
different cliaracter of the pll-activity cur\TS for alanyldchydroala- 
iiino and for chloroacctylalanyldehydrualonine (38a). 

The structural requirements for a substrate fi r dehydropeptidase 
1 are: KNII('Hrf'ONHG(---t’H,)(^t)OII (where R = acyl, alkyl, or 
hydrogen), and for dchydropeptidase II are: R('H*CONHC(=CJH*)- 
COOH (where R = alkyl, halogen, or hydrogen) (52). The suscep- 
tibility of A’-chloroacylated deliyilropepticlcs suggests that dehydro- 



142 


JXSBE P. OREBNSmN 


peptidase I may be dTective on dehydroamino acid residues at the 
terminal end of long-chain polypeptides, as in proteins. 

The presence of dehydrnpeptidase I and II activity in human serum 
is illustrated in Table II. nL-Alanyldehydroalanine in particular is 
split to a considerable extent, and deiuonstrates the greater suscepti- 
bility of this hul)strate to the action of dehydrnpeptidase I than that 
of glycyhlehydroalanine. 

TABLE IT 

UKfiTiinoiM.i>ni)AsB Activitt in Human Sbrum (38a, 51)* 


ft 

mniiiuiiia iiiirufflu 

Dvuivea iroin 

UL- Vlan) Iflf* 
lo ill oultiDinc 

nij lyldt'- 
liydroalaniue 

ChloroBoetyldr- 

liydroalanme 

M L 1). 

11 1 

2 0 

1 9 

V.K 

10 8 

2 0 

2 0 

t'l). 

11 3 

2 2 

1 9 

MH. 

10 5 

2 0 

1.9 

WI) 

8 0 

1 3 

1 8 

V M 1.. 

10 K 

2 1 

2 0 


* of J ml.M'ruin 2inl. 0.15 3/ burate buffer at pH 8.1 + 1 

ml (il (‘itlii ‘1 vtiiti‘i 01 25 iiui'ioinuH of hubBtratc (50 micrumnloti ol UL-alanyldcs 
bvdioalatiuu‘). tt«)lulioiis of rhloioan-tyldrhydrualaninp nputraliaod mlh aodium 
h\ dioxide Ixdiire um‘. Ineubatino peiiod two hours at 37”C. No aiumonia 
evolved uud(‘i these eondiliimh from disests of seium with dyeine, Ktyrvlslyruie, 
or uii-alaniue. Chloruueet ylslyey Ideiiydroalanme is hydrolyzed at the same 
rale as glyeyldeh>dioiilamne, while rhloroacetyl-DL-alanyldehiydroBlaniiM! is nut 
hydrolyzed at all (38a), 

That the molar ratio of ammonia to pyruvic acid which appear in 
digests of tiasue extracts with glycyldehydroalanine and chloroacetyl 
dchydroalauine is close to unity was shown by Circenstein and lieiith- 
ardt (37), and is illustrated further by the experiments of Gonsalves, 
Price, and Grecnstcin (34) with acetyldohydroalaninc (Table III). 

It has been token for granted that enzymic hydrolysis of the de- 
hydroppptidcs was effected at the peptide bund, leading to the forma- 
tion of the acyl acid and o-aminoacrylic acid. The latter hydrolyzes 
spontaneously to yield ammonia and pyruvic acid (III and IV, page 
1 19) . The possibility tliat the peptide might be split to yield tlie cor- 
responding acid amide and a-keto acid was considered by Bcrg- 
mann and Schleich (7) (XXV); 

RcoNnc(-<;H,)(’oon * rconil + ch,cocoou (XXV) 

This possibility may however be rejected because under conditions 
whereby glycyldehydroalanine, chloroacetyldehydroalanine, and ace- 
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tylddiydroalaninc readily yield ammonia in rat kidney diKeate, gly- 
cine amide yields very little ammonia, and chloroacetamide and acet- 
amide yield no ammonia (34). The molar ratio of nearly unity for 
ammonia to pyruvate in digests of the dehydropcptides is de^ite 
proof for the splitting of these substrates at the peptide bond. 


TABLK m 

Ammonia and Fnimc Acid Evdlvbd fbom AcKTTUtEHTOROALANiNS 
IN Dialyzed Extbacts of Rat Tibsueb (34) * 


TiuuB 

Ammonia. 

iiiLcroinolp*) 

Pyruvic 
, acid. 
iiiicrouiDU>s 

Molar ratio, 
ammonia io 
pyruMp acid 

Kidney 

12.7 

mam 

0 9 

Liver 

4.6 


0.9 


* DiRmlB conHia(<>4l ul 1 ml. tisHUP extrurt pquivAlout tn 333 mg. fresh tissue 
+ 1 ml. veronal aretate buffer at ull 7.1, + 1 ml. of either water or 25 mioromolca 
Bubstrafp. Period of inrubalion four hours at 37*0. 


C. PURIFIED PREPARATIONS OF DlCllYDROPKI*TinASE 

Carter and Greenstein (14) achieved a sixfold concentration of 
dehydropeptidase activity toward glycyldehydroulonine through salt 
precipitation of aqueous extracts of rabbit kidney. Yudkin and Fru- 
ton (58) acliicvcd a 5- to 10-fold concentration of activity toward 
glycyldehydrophcnylnlnniue by a sodium sulfate precipitation of on 
aqueous extract of rut kidney. Prolonged dialysis of this preparation 
against demineralised water led to a diminution in activity which 
could be restored to the original value by addition of zinc salts (58). 
Treatment with cyanide or sulfijde resulted in a significant inhibition 
of activity, and it would appear from these data of Yudkin and Fru- 
ton that the enzyme active in the hytlrolysis of glycyldchydrophenyl- 
olanine lielonim to the group of metul-oontaining enzymes. 

By differentdal centrifugation at 3000 and 18,000 r.p.m., Shack 
(54) observed that the bulk of dehydropeptidase I of kidney is firmly 
bound to particulates sedimentable only at high speeds. In contrast, 
the dehydropeptidase 1 of liver and the dehydropeptidase 11 of liver 
and kidney remain in the supemate. A twenty fold concentration of 
dehydropeptidase 1 free of dehydropeptidase II was achieved by suc- 
cessive differential centrifugation, tiyptic digestion, and salt fraction- 
ation of aquoous kidney extracts. The soluble enzymes were further 
purified by low-temperature alcohol fractionation, and the separation 
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of activities made in the fractionation procedures, as noted by the 
rdative susceptibility of glycyldehydroalanine (substrate for dehy- 
dropeptidase 1) and of chloroacetyldehydroalaoine (substrate for de- 
hydropeptidase U) confinned the existence of these two distinct de- 
hydropeptidasoB. Furthermore, as Shack noted, the activity ratio 
for each fraction when acetyldehydroalanine was used as substrate 
paralleled those when chloroacetyldeJiydroalanine was used as sub- 
strate, and it therefore can be assumed that both of these compounds 
serve as substrates for dehydropeptidase 11. 

Specificity studies by Shack utilizing various dehydropeptides with 
purified preparations from beef kidney are described in the suscom- 
panying tabulation. The data are consistent with those obtained 
with rat kidney extracts by Price and Greenstein (Table I). 


Bpxcificitt Studies with Puritied Dehydropei'tidabe Prepabationb (64) 


Bubstrato 

Dehydro- 
pepttdose I 

Dehydro- 
peptidaea 11 

Artivity, mioromulfle nubatrata 


Bplit/hour/mB. protein N 

GlycyldohydroaLanine 

6750 

47.2 

Glycvldchydrophoiiylabnine 

Dir>AJBnyldehydroa]anmo 

2610 

3900 

0 

22 

Chloroacetyldehydroalanine 

16.6 

496 

Chloroftoetyldehydropheoylalaniuo 

Di^ae-ChloropropionyldehydroBJftnine 

0 

0 

0 

0 

Acetyldehydroalanine 

0 

334 

Aoetyldehydrophenylalanine 

0 

0 

Chloroacetylglycyldehydroalanine 

Glycyl^ycyldehydroalanine 

CmoroacetylBarcosyldehydroalanine 

4650 

4500 

68 

42 

0 

0 


Bergmann and Schleich (6) had noted in glycerol extracts of kidney 
that the hydrolysis of ^ycyldehydrophenylalanine was inhibited by 
cyanide. This finding was confirmed by Shack for the splitting of 
{dl^ldehydroalanine by purified dehydropeptidase preparations, 
and the additional observation was made that this inhibition was re- 
versible, i.e., simple dialysis of the cyanide-treated preparation 
against distilled water was suflicient to largely restore the activity. 
Ddiydropqitidase II activity was also inhibited by cyanide and re- 
versed by dialysis. The effect of several agents studied by Shack on 
the activity of the dehydropqitidases is given in the table below. 
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iNBamoN or OamoBopamDABis (54) 


Aient 

DeUydropnfitidaeB I 

l>ehydroprp1idaM 11 

Sodium aside 

Potassium iodide 

Sodium fluoride 

Sodium cyanide 

Sodium thioglyoolate 

Sodium iodoaoetate 

+• 

+• 

+* 

+* 


* Revoned on dulysu. 


The pH-activity curves for purified preparations of the dehydro- 
peptidases are given in l^g. 8. Yudl^ and Fruton noted a pH 
optimum at 8.0 for glycyldebydrophenylalanine incubated with a rat 
kidney preparation (58). 

The pH-activity curves for glycyldehydroalanine, chloroaoetyl- 
glycyidehydroalanine, and alanyldehydroalonine closely resemble 



Fig. 8. pH-activity curves of 
purified dehydropeptiduea at 
38”C. (51). Qrdinates'.mkromoleB 
hydrolyzed per hour; on left, for 
dehydropeptidase I per 0.001 mg. 
enzyme N; on riidit, for dehydro- 
peptidase II per 0.024 mg. enzyme 
N. O and •, borate buffers; 
V, carbonate; A and A, phos- 
phate; □ Bcetato. Substrate for 
DHP I, ^ycyldchydroalanine; for 
DIIF II, ohloroaoetyldehydro- 
alftikinB. 


each other, but the curve for chloroaretylalnnyldehydroalanine is 
almost identical with that for cbloroacetyldehydroalanine (38a). 
The multiplicity of dehydropoptidases is suggested. 

IV. Enzymic Degradation of Possible Precursors 
of Dehydropeptides 

A. PEPTIDES OP CYSTINE 

In 1939 Froraageot, Wookey, and (Ihaix (27) described an enzyme 
in liver which degraded cysteine with the formation of hydrogen 
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sulfide, and to which they ^ave the name demdfuraae. Subsequently, 
Smythe (57) made an extensive study of this enzyme, in which he 
showed (a) that both G 3 rBtine. and cysteine were nearly equally de- 
graded, whether tmder aerobic or under anaerobic conditions, and (5) 
that both 8u))8trates under these conditions 3 rielded not only hydrogen 
sulfide but ammonia and pynivic acid as well. Subsequent investiga- 
tions by the writer confirmed these findings in all essential respects, 
and, as noted above, the rate at which various peptides of L-cystine, 
when incubated with liver extracts, sdelded ammonia was very nearly 
the same as that for L-cystinc itself (31,37) (Table IV). 


TABLE IV 

Bate of Sputtino of Ammonia Nitboukn raoH Cystine and Cyhtinb Peptides 
Tbeateu with Rat Liteh Extracts (37) * 


Time of 

inoubation, min. 

Ammonia N (mirronioleB) uplit off from 

Cystine 

C^Hlinvl- 

rliKlycine 

C'ygtinsrldl- 

diKlyriiiP 

DiRlypyl- 

cystinr 

OichliirO' 

pyHline 

30 

4 

4 

6 

4 



6 

7 

6 

7 

7 

00 

10 

0 


10 


120 

13 

12 

11 

13 

14 

150 

15 

15 


15 


ISO 

15 

10 

15 

16 

18 


* Mixtures inrabBitcd two hours at 37 "C. ronsistL'il of 2 ml. rat liver extract 
equivalent to 666 mg. fresh tissue + I ml. pliosijhale buffer at pH 7.0 + 1 ml. 
substrate solution at 25 micromoles rOneenlratiou (on basis of lialf-moleciilo) . 
Data corrected for extract blanks. Although dibromnpropiouyleystinu is not 
enzymically attacked, dialanylcystiue is split at the same rate as the Bul)8trat4>8 
in Table IV (38). 

Pyruvic acid also appeared in digests of all of the cystine peptides 
equivalent in concentration to the ammonia, and, for the reasons 
noted above, it scorned probable that the pejitides of cystine are de- 
graded in two consecutive steps: (XXVI) the enzymic desulfuration 
of the cystine moiety leading to free sulfin, hydrogen sulfide, and the 
corresponding a,/3-dchydropeptidc, followed by (XXVII) the hy- 
drolysis of the dehydfopeptide by dehydropeptidase to products 
which include pyruvic acid and ammonia in equivalent proportions. 

IRCONHCH(OOOH)CHrfJ- li ► 

2 RCt)JSIHCiCOOH)=C!IT, + H»B + S (XXVI) 

RCONnC(COOH)=CH, RCOOH + NH, + CHjCOCOOH 

(XXVIl) 
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Thpfle reactiong, involving the peptides, may be considered analo- 
gous with the reaction applicable to the case of cystine itself, which 
also may be considered as proceeding by two consecutive steps: 
(XXVIII) the enzymic desulfuration to free sulfur, hydrogen sulfide, 
and a-aminoacrylic acid, the last-mentioned of which XXIX spon- 
taneously hydrolyzes to ammonia and pyrunc acid. 

INHi(’lI(CfX)H)CII,S -1. ► 

2NlIiC(C001I)=<!Il, + IliS -I- S (XXVIU) 

NH,C(C(K)n)-=CH. > Nil, + CHiCOnOf)!! (XXIX) 

Since glutathione is not readily split by rat liver tissue in viiro, the 
designation applied by CIreenstein and Louthardt (37) to the enzyme 
system which desulfinutcs the cystine peptides was exocysHne de- 
sutfvrase. Like dehydropeptidase, cystine desulfurase apparently 
acts only on the specific amino acid moieties when they ore at the 
ends of the peptide chain (37). 

Studies on a wide variety of tissues by Greenstein and Leuthardt 
(37) revealed that the distribution of oxocystine desulfurase paralleled 
in remarkable fashion the distribution of the system which split 
chloroacetyldehydroalaiiinc (dehydropeptidase II) (Table V). 

It would appear from Table V, which largely represents a survey 
performed under optimal conditions, that exoeystine desulfurase 
and dehydropeididase II may be associated in tissues. The latter 
enzyme is found in appreciable activity only in liver and kidney, and 
only in these tissues is there also apprceiablc cystine desulfurase ac- 
tivity. In those tissues where one of these systems is lacking, so too 
is the other. The data in Table V, obi ained under conditions whereby 
the susceptible substrates arc ueaiiy completely hydrolyzed, are not 
to l)e confused with the data in Table 1. 

Although sulfide inhibits dehydropeptidase activity in pmified 
preparations of the cnz 3 nne (.58), it has no efTcct on the hydrolysis of 
substrates in rat liver and kidney hoiiiogenatch (38). 

B. ISOMERIC PEITIDES OP SATUltATElI AMINO ACIDS 

On aerobic incubation of glycyl-UL-ulanine and of DL-alanylglyeine 
with aqueous homogenates of rat kidney tissue, it was noted that con- 
siderable ammonia accumulated in digests of the former peptide 
while little or no ammonia appeared in digests of the latter peptide 



T A-BLR ^ - £xoctstine Dx:5UI.fhyi>rase avd Dehtdrop£ptidasb Activitt in XobmaIj ani> Xeoplastic Tissves (37) 
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(35). EaMNitially aunilw findings were oiieerved with isomeric pep> 
tides of DL-leucine (Table VI). Of further interest was the fact that 


TABLE VI 

Ammonia NrmoaBN PBOotrcBD racu PcniDiiH and Amino Acidb in Aebonic 
Didkbts of Rat Kidnbt HoMoasNATEs (36) * 


Subitnte 


Inoubation, 

hr. 


Ammonia N» 
mioromolBHt 


Dii-Aknine 

Glyoyl-Dii-alanino 
pii-Alanylglycine. 
Dii-Leucino 


(}]y cyl-Di/>loucine 

DL-Leucylgly cine 

L-Leudne 

Glycyl-L-loucine 

Glycine 

Glycyl(slycine 

])L-Valiiie 

Dir-bovalino 

Db-ae-Amino-n^butyric ai'id 

Ulycyl-DL-or-aniiDo-n^butyiic aeid. 

cx-AininoiBobutync atnd 

Glycyl-oraminouiobuLyrir a(*id 

nii-ljeucylfflycylelY cin e 

Glycyl-DL-leury&lycine 

Gly i^lglyoyl-Dirleuciiie 

D-LeucylKlyrme 

p-Leucylg^ycme + 0.001 M MnCl? 
i>-Leucylglycme + ,Mn + i.rleu<*inp 

D-Leucylglycylglycine 

n-Leu^lglyrylKlyciiie + 0.001 M 


4 

8 

4 

8 

4 

8 

4 

8 

4 

8 

4 

8 

4 

4 

8 

8 

4 

4 

4 

4 

4 

4 

4 

4 

\ 

4 

4 

4 

4 


6 

10 

6 

10 

<1 

1 

6 

9 

5 

9 

<1 

1 

1 

1 

0 

0 

5 

0 

8 

8 

0 

0 

n 

0 

0 

0 

J 

' <1 
0 


4 


0 


* Digeeis consisted in 1 ml. dialyzed homogenate EM][ui valent to 333 mg. tissue 
+ 2 ml. 0.15 JIf Imrate buffer at pll 8.1 + 1 ml. 0.05 M racemic or 0.025 M opti- 
eally active substrate. Knzymie activity was measured by the amount of am- 
monia produced corrected for the extract blanks. No ammonia was produced 
from any substrate when the digestion was conducted under anaerobic conditions, 
Temperature 37 “C. 

t Theoretical maximum 25 micromoles from oacli optnadly active component. 


the aiainunui which apiieaivd in digcHts of i^lyciyl-Dij-alaiiine Jind of 
(jlycyl-UL-leucinc wae c1ob(‘ in order of magnitude to that wliich ap- 
iKiared in digests of DL-alaiiiuc and of OL-Ieucinc, respectively. 

The atunionia which appears from the racemic substrates under 
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these expeiimental conditione ie due principally to iHunino acid oxi- 
dase activity, and may be related specifically to the oxidative deam- 
ination of the D-amino acid moiety of the peptides (42). Neith^ n- 
leucine nor glycyl-L-leucine yields appreciable ammonia under these 
conditions. That the oxidative deamination involves the a and fi hy- 
drogen atoms of the substrate is revealed in the relative susceptibility 
of glycylamino^i-butyric acid and of glycylaminoisobutyric acid 
(Table VI). The latter possesses a tertiary carbon atom in the iso- 
butyric acid residue. The results on valine and isovaline may be inter- 
preted similarly. 

CHj(NHi)CONHOH(COOinCH,'Cil, CH,(Nn,)CONHC(COOH)(Cn,), 
Glycyl-at-ainiiio-n-butyrio acid GlvryI>ar-aminoisobutyric acid 

(XXX) 

The contribution of the L-amino acid oomponents to the yiehl of 
ammonia in diji^ests of the racemic, isomeric peptides may therefore 
be relatively neglected, and the role of the natural L-peptidase in the 
splitting of the l form of the peptides in the kidney digests is nut of 
immediate concern in the m1>erpretation of the phenomena. This 
leaves for ennsideration only the d form of the peptides, namely, 
D^alanylglycine and D-leucylglycine on the one hand, and glycyl-n- 
alanine and glycyl-D-leucine on the other. Two alternative explana- 
tions for the behavior of the isomeric peptides may be offered. 

(i) B-Amiuo acid oxidase may be roiibidered as acting only oil free n-amino 
acids, and therefore the amniouiii noted in digests of the rareniic peptides could 
only have arisen Bul)sequcDt to the action of ]>-|)epiidase on the peptides liberating 
the free amino acids. On tiiis basis, it would appear (hat glycyl-o-alauiuo and 
glycyl-D-leucine were very susceptible, when^us i>-alanylglycine and D-leucylgly- 
cine were very resistant, to the action of n-peptidase. This would not be in agree- 
ment with the relative susceptibility of the corresponding L-peptides to intestinal 
dipeptidaso, by which alanylglycinc is hydrolyzed at twice the rate as glycylal- 
anine (43). (J8) D-Amino acid oxidase may be considered as acting not only on 
the free D-amino acids, but also upon D-amino acids bound through the amino 
group in peptide linkage with another amino acid. Such a concept is in harmony 
with Bergmann’s view that the oxidative deamination of amino acids might be ef- 

RCH(NH0CONHCHCCHiR')C()OlI > 

oxidaBB 

RCH(NH,)CONnC(=CHR')COOJI ► (XXXI) 

dehydropeptidBM 

RCH(NH,)COOH + NH, + CH,R'C(^)COOH 

2H + 0 » IW) 


(XXXll) 
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feeted while they era in the peptide dudn, yielding by an aijS-dehydrafenetlitt the 
oornaponding dehydropeptide, whioh aubaequentl'y ia aplit by dehydropaptideaea 
to producta which include ammonia and keto aeida (aeo equationa XXXI, XXXII). 

On thia baaia, dip(>ptidea which ocmtain a glycine naiduc at the carboxyl end of 
the chain, aa in alanylglycine and leucylglycine, could not form del^dropeptidea 
wheteaa poptidea like glycylalanine and ^yi^Ucucine could form such cr,/Mln> 
aaturatod peptldna. Hie data on the three laomerie trlpoptidca of Dt/<lmiebia and 
glycine are oonaiaicnt with thia viowpolnt. Kidney tiaaue ia, of all animal riawiMj 
richpat in both n-amino acid oxidase (42) and dehydropeptid^ (14). 

The second of these alternatives was S 3 aapatheticBlly consideied 
by Krebs in his early work on the subject of amino acid oxidation^ 
but no decision was reached by him (42). Krebs's data reveal that 
L*leucylglyrine, elycyUL*leucin6, or n^leuoylglycine when incubated 
with rat kidney slices yields little if any ammonia. The data of 
Gonsalves, Price, and Groenstein (35) (Table VI) obtained with rat 
kidney homogenates Sire consistent with these results. Unfortunately, 
Krebs did not test glycybn-Ieucine. 

On the basis of the present data it is possible to favor this second 
alternative, which is not only consistent with the Bergmann concqit 
of intracellular peptide metabolism, but also supplements the earlier 
work on the enzymic susceptibility of peptides of Xt-cystine (37) 
(Tabic V, page 148). 


TABLE VII 

Enzymic tiuscEirnBiUTir ur ANAunions S\tukated and Unsaturated 

PlftfTJDES 


Saturated peptides 

Ani- 

luunia 

N* 

UneiitureUsd peptidu 

lUtat 

Acetyl-Diralanine 

0.0 

Aeet yldehy drualanino 

IB 

Chloroacctyl-DL-alanine 

0 0 

ChloroacptyJdchydroalanine 

100 

Glyeyl'^UL-alannie 

6 0 

Glycyldehydroalanine 

1020 

Aeot^'bDirpheuylalanine 

Chl«roaoetyl-j)i/-phenyl- 

0 0 

A( etyldehyilruuhenylalaniiie 
Chloi oacetyldiiivdrophenyl- 

0 

alanme 

0 0 

alanine 

0 

Glytyl-uL-phenylalaiiine 

ULrAlanine 

DL-Phenylalanjiie 

0 2 

C 1 
G.O 

Gly cyldeiiydi ophenylalaninc 

520 


* Ammonia ni1rog(»ii in micrnmolos al)ovr oxtrai ' rontrob which appears in 
aerobic consisting of 1 ml. rat kidney CNlracl equivalent to 338 mg, fresh 

tissue + 2 ml. 0.15 M b(»ral.e buff<*r at pll n.l f 1 ml. of oiUior water oi 0.06 M 
DL Butwtrate. Amnimiia evolved from the l form of the amino acids negligible, 
and from i^yrinc or glyeylglycine, aero (35). No ammonia observed in digests 
under anaei^bic conditions. Acn'tyK and ehloroacotylpf^ntides neutralised with 
NaOH before use. Period of inrubatioii four hours at 37 °C. 
t Data from Table I. 






152 


naup. OBBBNSimN 


A camparison of the relatiye susc^ibility to enzymic attack baaed 
on considerations of molecular configuration is given for analogous 
saturated and unsaturated peptides in Table Vll. For enzymic attack 
on the saturated peptides of alanine and of phenylalanine, and on the 
unsaturated peptides of dehydrophenylalanine, the presence of a 
free o-amino group on the acyl residue is apparently necessaiy. For 
the unsaturated peptides of dehydroalanine, no such requirement is 
necessary. 


C. DIACYLAMINOPROPIONIC ACIDS 

The dehydropeptides of a-aminoacrylic acid (o(,/S-Klehydroalanine) 
may be considered essentially a combination of one mole of pyruvic 
acid with one mole of the corresponding acid amide with the elimina- 
tion of the elements of water between them (3) (see XIY, page 124). 
'When the acyl residue contains an a-amino group asinglycyldehydro- 
alanine, the dehydropepiide is susceptible to the action of an enzyme 
which is widespread and highly active in all animal and plant tissues 
studied, which splits the substrate into products which include pyru- 
vic acid and ammonia in equimolar proportions, and to which the 
designation dehydropeptidase 1 has been applied (37) (see page 119). 

The possibility has been pointed out that the dehydropeptides 
may actually be formed in tissues by a condensation between c»-keto 
acids and amino acid amides (1,3G), and the results of experiments on 
the effect of pyruvate on the rate of deamidation of such naturally 
occurring amides as glutamine and asparagine have been interpreted 
on this basis (see page 124) (36). 

Pyruvic acid, however, can condense not only with one but also 
with two moles of acid amides, forming a,(ii-diacylaininopropionio 
acid peptides (3,32,44,47) (see XIY and XYII, pages 124 and 126). 
The reversibility of the conversion of the diacylaminopropionic acids 
into the corresponding dehydropeptides plus acid amide — I'n vitro — 
has been described in a previous section; see XXI, page 128. The 
possibility as to whether this conversion may occur in vivo was ex- 
amined by Goncalves and Oreenstein in their studies on a,c(-di- 
glycylaminopropionic acid hydrochloride (32) (XX). 

Glycyldehydroalanine, by virtue of its capacity for existing in 
several tautomeric forms, possesses a characteristic absorption in the 
ultraviolet region of the spectrum, with a maximum at 2400 A (14) 
(Fig. 2, page 131). Other aliphatic dehydropeptides have a similar 
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abBoiption (51) , Dii^ycylaminopropionic acid may be caosidered to 
be glycyldehy droalanine in whicb the double bond ^ been saturated 
by the substitution of a molecule of glycine amide. The absoiption 
characteristics of the dehydropeptide are no longer present, and the 
spectrum of diglycylaminopropionic acid reveals only a general ab- 
soiption in the ultraviolet (32) . The electrochemical prcporties of the 
peptide have been referred to above. 

Diglycylaminopropionic acid is readily hydrolysed into products 
which include equimolar proportions of ammonia and pyruvic acid 
in homogenates of rat tissues (Table VIII) . Kidney tissue is particu- 
larly active. Under similar conditions, no increase in ammonia or 
pyruvic acid over the values for the controls was noted in digests of 
dichloroacetaminopropionic acid or of diacetaminopropionic acid. 


TABLE VIII . 

AinioKiA. Niteogisk and Fybuvic Acid Evolvisd fbou Digcstb or Dioltctit 

AMlNOFBOnONIC AciD TVITII DuLTSED RaT TiSSDB HoifOGENATBa (32^* 


Tissue 

Amraoius N, 
micro lu (lira 

Pyravio soid, 
mioromoles 

MoUr ratio, 
ammonia N to 
pyruvio arid 

Kidney t 

23 

21 

■h 

IntCBlinal mucosa 

13 

14 


Livw 

9 

0 


tipleen 

3 

6 



* DigratH ronflisted of 1 ml. dialvzcd homogenate pquivalent to 333 mg. tusue 
•f 2 ml 0.15 M borate buffer at pll 8.1 4 1 ml. of either vrater or 25 mieromolM 
of eulMtrato. Inrubation period, four hourB at 37 °G. Final pll 7.9 to 8.0. Values 
given corrected for exlrwt blanlu. Recovery exporimenta for ammonia yielded 
95-100% and for pyruvic acid 90-0,')%. Micromoln of ammonia N in digMta 
with pancroaa 11, with brain 1, and with muscle 1. Noroartion occurs with boiled 
homogenate preparations. 

t Kcithcr glycine nor glycylglycinc yields ammonia under these conditions. 

The maximum rate of splitting of diglycylaminopropioniG acid 
occurs at pH 8.0, and at each pH vuluo of the digests studied the 
molar ratio of ammonia to pyruvic acid is close to unity (32) (fig. 0). 
Furthermore, the maximum number of moles of ammonia nitrogen or 
pyruvic acid formed per mole of substrate is close to unity, and this 
relation apparently holds over the entire time interval investigated 
(32) (Fig. 10). 

High-Speed centrifugation at low temperature of aqueous rat kid- 
ey extracts yields a pellet in which the greater part of the activity 
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of the extract is concentrated. However, in each of the fractions 
tested, the molar ratio of ammonia nitrogen to pyruvic acid remuns 
close to unity (Table IX). 



Fig. 9. Amm onia and pyruvic 
acid split from a,ardiji;lyoylammo- 
propionic acid in rat kidney digests 
at different pJI values (32). 



Fig. 10. Progressive splitting of a,aE- 
diglycylaminopropionic acid into am- 
monia and pyruvic acid in rat kidney 
diges1>s at pIT 8.0 (32). 


TABLE IX 

DlBTUlBUTlON OF AfTIVITY IN ITyDBOLYSIR OF DlGLYCTLAMlNOPUOPlONIC ACID 
IN FKAmoNs OF Rat Kidney ExTRArr ('‘entoifogwo fok Two Hours at 6®C. 
AND AT 18,000 Revolutions per Minute (32)* 


Fraction 

Ammonia N, 
niicromoln 

Pyruvic arid, 
iiiiornmolf*B 

Molar ratio, 
ammonia N to 
l>yruvio arid 

Bupemataut 

8.3 

8.2 

1.0 

Pellet suspended in distilled 



1.0 

water t 

22.4 

21.6 

Pellet resuspended in super- 




natant 

21.0 

19.8 

1.0 


* Experimental conditions as in Table VIII. 
t Suspension at same volume as original extract. 
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The molar ratio of ammonia i>o pyruvic acid formed in the course 
of the enzymic splitting of diglycylamlnopropionic acid is important 
in the interpretation of the mode of such splitting. The maTrimum 
amount of pyruvic acid that can be formed from the complete splitting 
of one mole of diglycylaminopropionic acid is obviounly one mole. 
Depending upon the mode of splitting, however, the maximum am- 
monia nitrogen produced may be either one or two moles per mole 
of peptide, and the ratio of ammonia nitrogen to pyruvate formed dur- 
ing the course of the splitting may suggest not only the mode of 
splitting but also how many modes may be involved. The a-araino 
groups on the glycyl residues are presumably not hydrolyzable and 
do not furnish ammonia. Neither glycine nor glycylglycinc furnishes 
ammonia after digestion with tissue extracts. The ammonia nitrogen 
is furnished by the nitrogen atoms attached to the tertiary carbon 
atom of the peptide, and on complete hydrolysis in boiling hydro- 
chloric ‘acid two moles of ammonia nitrogen are formed per mole of 
peptide (32). Before* pyruvic acid can be formed from the substrate, 
both linkages from the diglycylamuro residues to the torliary carbon 
must obAriously be broken. Tlie modes of splitting of diglycylamino- 
propionic acid may be represented as in (XXXlll). 


NlhCIliCO'NH CH, 

V 


Nn,cii,co*NH coon 


X + NIIj + 0-=C<: (XXXlll) 


(a) The substrate may bo initially split at both peptide bonds, 1 
and 2, yielding two moles of glycine, anil one mole of a,ae-diamino- 
propionic acid. The last-mentioned coinpomid is unstable and would 
be e]q)ected to break down spontaneously to two mules of ammoma 
nitrogen and one mole of pyruvic acid. Molar ratio of ammonia 
nitrogen to pyruvate = 2. (b) Tlie substrate may be initially split 
at only one peptide bond, either 1 or 2, yielding one mule of glycine 
and one mole of a-glycylamino-a-anunopropiouic acid. The latter, 
in analogy with a-diucctamino-a-aininoprnpionic ai‘id (XYIII, page 
126), would be expected to lie unstable and to break down spontane- 
ously into one mole of glycine amide, one mole of auunouia, and one 
mole of pyruvic acid. Provided that the ammonia nitrogen con- 
tributed by the enzymic deamidation of the glycine amide were negli- 
gible, the molar ratio of ammonia nitrogen to pyruvate = 1. (c) 
The substrate may be initially split at both bonds 3 and 4 which con- 
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neot the glycylamino residues to the tertiary carbon atom, yielding 
two moles of ^ycine amide and one mole of pyruvic acid. If the 
glycine amide is completely and rapidly split, the molar ratio of 
ammonia nitrogen to pyruvate ~ 2. (d) The substrate may be 
initially split at only one bond between nitrogen and the tertiary 
carbon atom, that is, at either 3 or 4, yielding glycine amide and 
glycyldehydroalanine. Provided that the ammonia nitrogen con- 
tributed by the enzymic deamidation of the glycine amide is negligi- 
ble, and, since glycyldehydroalanine is rapidly hydrolyzed by dehy- 
dropeptidase I to yield equimolar amounts of ammonia and pyruvic 
acid, the molar ratio of ammonia nitrogen to pyruvate l. 

Under the experimental conditions employed, diglycylaminopro- 
pionic acid hydrochloride is rapidly hydrolyzed to }rield a maximum 
of one mole of ammonia nitrogen and of one mole of pyruvic acid per 
mole substrate, and therefore the molar ratio of ammonia nitrogen to 
pyruvate = 1. Modes of splitting a and c may be eliminated from 
Gonuderation, leaving the rboirc between modes b and d. Tbe de- 
amidation of glycine amide is weak, and may for present purposes be 
neglected (32). Mode b envisages the action of some enzyme related 
to or identical with dipeptidase on one of the two peptide bonds, lead- 
ing to the formation of an unstable molccide, which spontaneously 
hydrolyzes to products that include equimolar amounts of ammonia 
and pyruvic acid. Kidney extracts are known to contain an active 
dipeptidase, but intestinal mucosa and pancreas contain a still more 
powerful dipeptidase activity, and it may be wondered why the ac- 
tivity of kidney extiaots in splitting diglycylaminopropionic acid is 
so much greater than that of either intestinal mucosa or pancreas. 
Another possible objection to inode b is the fact that peptides of gly- 
cine with amino acids containing a tertiary carbon atom, such as 
glycylaminoisobutyric add, are relatively resistant to the action of 
dipeptidase (11). According to Bergmann et al,, substrates for di- 
peptidase must have a hydrogen atom on each a carbon atom adjacent 
to the peptide bond, and ncitlier diglycylaminopropionic acid nor 
glycylaminoisobutyric acid, iior, for that matter, ^ycyldehydroala- 
nine, satisfy this criterion. None of these three peptides possesses 
an asymmetric carbon atom, (hi the other band, it should be 
pointed out that digiycylanunopropionic acid is a type of substrate 
new in enzymology, and the possibility cannot be overlooked that 
crude tissue extracts may cuutaiu an enzyme system different from 
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the cleesical dipeptidase system which may readily attack this sub- 
strate at one of the two peptide bonds. Assuming the of 

such a system, it is possible that it attacks both peptide bonds 
simultaneously since both bonds are presumably equivalent, Were 
this to occur, the molar ratio of ammonia nitrogen to pyruvate would 
a 2 (mode a). 

Mode d envisages the action of an enzyme system not known at the 
present time to occur in tissues, which presumably splits glycine 
amide from the substrate and which leaves glycyldehydroalanine to 
yield equimolar quantities of ammonia and pyruvic acid through the 
action of dchydropeptidase I. Such a reaction would be the biologi- 
ral analog of the in vitro reactions whereby diacylaminopropionic 
acids arc split into the corresponding acid amide and dehydropeptide 
through the action of hot glacial acetic acid (3,44,47) (see XV and 
XXI, pages 1 24 and 128) . The in vitro experiments are further sug- 
gestive in revealing that the diacylamino radical in the diacylamino- 
propionic arid peptides are not necessarily equivalent, and that the 
strength of the bonds holding them to the tertiary carbon atom may 
be greater in one than in the other. 

At the present time it is impossible to make an absolute choice 
between modes b and d in the enzymic splitting of digl 3 rcylaniino- 
propionic acid. The possibility that both may simultaneously occur 
is of course not excluded. Whatever the nature of the enzyme sys- 
tems may l)e which provide the initial attack upon diglycylaminopro- 
pionir acid, it is evident that the substrate upon which they act roust 
possess free a, at-diaroino groups on the molecule, since the correspond- 
ing ff,a-dichloroucetaminopropioiiic acid and a,ci!-diaoetaminopro- 
pionic acid ore not split under conditions whereby the a,a-diaroino 
compound is rapidly hydrolyzed (32). 

Compounds of this tyjw containing as^munetric carbon atoms have 
been prepared and studied by Price, Errera, and Greenstein (53). 
a,a-Di(i>i>chloropropioiiylainino)propionic acid was not affected by 
rat kidney extracts. (»-(DL-CUoropropionylamino)-a-(nL-alanyl- 
amino)propionic acid was hydrolyzed by rat kidney extracts to a 
maximum of 0.5 mole of ammonia nitrogen and 0.5 mole of pyruvic 
acid per mole of substrate: at each time interval studied the molar 
ratio of ainmnnia to pyruvic acid was close to unity. The product 
obtained by further amiuatiou, namely, a,a-di(DL-alanylammo)pro- 
pionic acid hydrochloride, was also enzymically hydrolyzed but, at 
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each time interval etudied, the molar ratio of ammonia nitrogen to 
pyruvic acid was close to 1.5. Each of these compounds is a mixture 
of optical enantiomoiphs, and the interpretation of the data is ren- 
dered difficult because of this fact. 

D. EFFECT OP a-KETO ACIDS ON DEAMIDATION OP GLUTAMINE 

AND ASPARAGINE 

The deamidation of glutamine and of asparagine in liver digests is 
considerably augmented by added pyruvic acid at a pH (6.7 to 6.8) at 



Fig. 11. pH-activity rurvrK of di- 
gests of amides alom* and with pyruvale 
in rat liver digests: atnidra, 14 micro- 
moles; pyruvate 23 micTomoIcs. The 
incubatiQn period was four hours at 
37'’C. (30). 



Fig, 12. Time course of di*- 
amidation of glutaiiunr aud aspara- 
gine with and without addend pyru- 
vate in rat liver dige^sts pH 6.8: 
amido6| 14 micromoles; pyruvalo, 
23 micromoles (50). 


which glutaniinase activity is negligible and asparaginase activity 
well below the maximum (15,22,23,26^31,33,36^50) (Figs. 11 and 12). 
The ammonia which appears in such digests can be quantitatively ac- 
counted for by a corresponding decrease in the amide nitrogen of the 
amides, and the added pyruvic acid is nearly completely recovered at 
the end of the incubation period (26,36) • The pyruvic acid apparently 
plays the role of a cosubstrate in the deamidation reaction. 

The phenomenon appears to be limited to glutamine, asparagine, 
and chloroacetylglutamine of all the amides tested, for the deamidar 
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tion in liver digests of isoglutamine, chloroacetylAspaxagme, g^yeyl- 
asparapne, end bensoyloripnine amide is not enhanced by added py> 
ruvio acid (33,38,50). Fiuthermore, only liver, of all animal tissues 
studied, possesses the capacity of augmenting the deamidation of glu- 
tamine and of asparagine (38,50). 

The pyruvic acid need not be added as such, but may be derived 
from the simultaneous ensymic degradation of other compounds, 
such as dehydropeptides of o-aminoacrylic acid or peptides of L- 
cystine (31). Thus, the deamidation of glutamine in liver digests 



Fig. 13. DifforencoB in ammonia values between (ligeste 
coutuning glycyldehydroaluiiini* plus amide and the sum 
of glyoyidehydroalaniiip and of the amide taken separately, 
■a a function of the dilution of rat liver extraet (33). 


containing either glyryldehydroalanine or diglyryl-L-cystine is aug- 
mented to nearly the same degree as it would be were the equivalent 
amount of pyruvir acid added equal to that derived from the break- 
down of these peiYtidcB (Table X) (Tig. 13). The ^t of the data in 
Table X relates to the fact that, in dialysed extracts of rat liver in 
which the degradation of diglycyl-L-cystine is very considerably de- 
creased (37), no increase in anunonla mtrogen is noted in the presence 
of glutaminp. When pyruvate is added to such a digest of the di- 
alyzed extract with glutamine, a considerable increase in ammonia 
nitrogen production results. Under the conditions used, all exocys' 
tine peptides studied had substantially the same effect (31). 
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TABLE X 

Dbuudation or GLOTAiaini in Dultusd aho UNDiALrcso Rat Lirmi 
Extbactb IN Abbunci and Pbebence or DioLrcTi^i/-CYBnN]!i (81) * 


Ammoma N (niDromolea) observed in 


IncTDase in 
mieronioleB 


Extrmot alona 

Extract + 
Bluixiuine 

Extiart + 
poptide 

Extract + 
elutaminu + 
peptide 

UlliaBM 111 

Slutemine + 
paptide over 
•um of both 

Dia- 

lyied 

Undiup 

lyied 

Dix- 

lyifid 

Undia- 

lyied 

Dilr 

lyied 

Undiap 

lyved 

Dia- 

lyiod 

Undia^ 

lyied 

1 Dia- 
1 lyiedt 

Undia^ 

lysed 

D 

111 

1.6 

IB 


12.5 

3.6 

1B.7 

mwm 

6.8 


* Froah aqueoua rat liver extract equivalent to 333 ni|(, tissue per ml. was di- 
vided into huves, and one half was dialysed against distillod water at 5° for 34 
hou». Digests oonaiBted in 1 mL extract + 1 ml glutamine containing 2.1 mg. 
-{- 1 mL dipycylcystine containing 10 mg., with water alone in plare of the sub- 
strato solutions where desired. Mixtures digested six houni at 37 *C. 

t When 8.2 mg. sodium pyruvate is substituted for diglycylcjratme, the in- 
crease in deamidation of the ^utamine amounts to 6.6 micromoles. 


The augmenting effect of pyruvic acid on the deamidation of glu- 
tamine and of asparagine can be separated from the respective glu- 
taminase and asparaginase activities not only by the fart that these 
enzymes are more acid labile (Fig. 11) (23) but also more heat labile 
(23) (Fig. 14). If the liver extracts are kept at pH < 6 or at a tem- 
perature of 50°C. for ten minutes before, respectively, neutralizing or 
cooling, mixiug with the substrates, and digesting at pH 8 and at 
37'’C., the capacity of such extracts to deomidate glutamine or as- 
paragine alone is lost, but not the capacity to deamidate glutamine 
or asparagine in the presence of pyruAdc acid (23). The enzyme 
systems responsible fur the deamidation of these amino acid amides 
in the presence of pjnuvic acid are evidently not identical with glu- 
taminase or asparaginase. 

Of the keto acids studied, ouly pyruvate, phenylp}mivate, and, o- 
ketoisocaproate increase the deamidation of glutamine in liver digests 
(26,52a) ^ig. 15). The effect of pyruvic acid reaches a maximum 
at a ratio of 2-3 moles per mole of glutamiue (for 2 concentrations 
of glutamine), while the effect of phenylpyruvic acid reaches a 
maximum at a ratio of 1 mole per mole of glutamine. Levulinic acid, 
pyruvoylglyrinc, phenylpyruvoylglycine, and o-ketoglutario acid 
have 1 ttle or no effect on the deamidation of glutamine. That the 
effect of pyruvic acid is due essentially to the presence of the carbonyl 
group is shown by the fact that lactic acid has a relatively negligible 
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effect 15). Whether the edded keto aidde iucreued or did not 
increase the deamidation of glutamine, they nevertheless could be 
nearly quantitatively recovered at the end of the incubation aa the 
req)ectivB 2,4HlmitrophenylhydraKoneB (26,52a). 

These results were originally interpreted by Greenstein and Carter 
(36), and subsequently sustained (15,22,23,26,31,33,50) on the basis 



TEMPERATURE AT WHICH EXTRACTS WERE HEATED 
PRIOR TO DIGESTION AT 37t. 

Fia. 14. Amide nitrogen ns ammonia split at pH 8.0 
from digests of ghitamino and asparaginu alone and in the 
presence of added pyruvate with aqueous rat liver ertraots 
which had been heated for ton minutes at various tempera- 
tures prior to digestion of the substrates at ST’C. (23). 

of the analogy to the in vitro reaction of Bergmann and Grafe (3) 
(XIV, page 124) whereby amides readily condense with pyruvic 
acid to form dehydropeptides. On this basis, the deamidation of 
glutamine or asparagine may be considered to occur in two consecu- 
tive steps: XXXrV, a condensation between the amide group of 
glutamine or asparagine with the carbonyl group of pyruvic acid to 
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form a dehydropeptide, followed by hydrolysis (XXXV) of the 
dehydropeptido to glutamic or aspartic acid, ammonia, and the re* 
Iterated pyruvic acid. The proposed condensation reaction 



23 46 92 138 184 230 276 322 

KETO ACID ADDED, microinoles 


Fig. 15. Effect of added koto acids and lactic acid on the de* 
amidation of glut amino at 6.8 in rat liver ext rads. Oidinaf e 
fern to increment over glutaminai^ activity (usually <0.5 miero- 
mole). Incubation period four hours at 37°0. (26). 


(XXXIV) involves the 7 group of glutamic arid, a union noted 
physiologically in glutathione. 


NlhCllCOOH 


in,! 


iCincomij 


+ 0-C(CII,)C001I 


(XXXIV) 


NIIjCHCOOU 


d'Hii 


ClIiC0N=0(rHjC001l + HjO 


NHiCIJCOOU 

(*’H,(nijCONM3(CHj)C()OH 


(XXXV) 


NHjCHCOOU 


(!:jiiCJ 


IlliClIiCOOH + NIIi + 0-C(CH,)OOOH 


Increasingly large amounts of added pyruvic acid or phenylpyru- 
vic acid appear to diminish the accelerating effect on the deamidation 
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of glutamine (Fig. 15), while pyTuvoylglydne and phenylpyruvoyl- 
l^cine have no effect on glutamine deamidation at any concentration 
studied. If there is any truth to reactions XXXIV and XXXV, it 
would be e]q>ected that at high concentrations pyruvic acid and 
phenylpyruvio acid would inhibit dehydropepiidase activity, whereas 
their peptides with ^ycine would not inhibit appreciably. This was 
found to be the case (26) (Table XI). The curves in Figure 15 re- 
lating to pyruvic acid and to phenylpyruvic acid may be a composite 
of two curves. The ascending portion may be due to the increased 
rate of condensation of pyruvic acid or phenylpyruvic acid with glu- 
tamine as the keto acid concentration is increased to a point where the 
large amount of added keto acid produces such an inhibition of de- 
hydropeptidase activity (Table XI) as to overcome its accelerating 
effect on the initial condensation reaction, with the result that the 
curve begins to descend. On this basis, the keto acid peptides, 
which do not accelerate the deamidation of glutonune appreciably do 
not condense with the glutamine, nor do they inhibit dehydropepti- 
dase activity. 


TABLTS XI 

Effect of Keto Acids and Keto Acid rEFTiDEt> on ITydrolybih of Dehtdbo- 

PBPTIDES (26) ♦ 



Ammouiii pvulvud 

Per cpot inhibition of 

Keto ucid or k^to aciil 
ppptido ndded 

(ruioioiDolo^) from 

the e])]itti£g of 





niycyU 

ilphycirri- 

(nyD>ld(*- 

bydrophenyl- 

Cflyoyl- 

(lehyiiro- 

Glycyldo- 

hydroiihrnyl- 


alaiuiio 

alanine 

aianniB 

alaiiinn 


G 3 

1 3 



Pyruvic acid 

4 2 


34 

100 

Phenylpyruvic acid 

1.2 


SI 

31 

Pynivoylglycinc 

6.0 


5 

7 

Phcnylpyruvoylglycine 

6 0 

warn 

5 

7 


* DiKefltfi consisted of 1 ml. aqueous rat liYer extract equivalent to 333 ma. 
fresh tissue + 1 ml. veronal aciMate buffer at pH 6.8 + 1 ml. dchydropoptide 
fioluiioii containing 23 micromolra substrate + 1 ml. of eilher water or keto acid 
solution containing 276 micromoles. Keto ac^id solutions at pll 7.0. Period of 
incubation when glycyldohydroahuiine was used one hour at 6°C. and when gly- 
cyldehydrophenyudaiLine was used, two hours at 37 “C. Data porrected for ex- 
tract blanks. pH at end of experiments 6.7 to 6.B. 

The deamidation of glutamine is accelerated by a number of inor- 
ganic anions, preeminently by phosphate, but also by arsenate and 
sulfate anions (15). The optimum pH for this effect is identical 
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mth that of glutaminaae. It would appear that this effect was 
primarily that of an activation of glutaminaae, for, when this en- 
syme was inactivated by acid or heat treatment, subsequent addi- 
tion of phosphate, unlike that of pyruvate, did not produce an ap- 
preciable deamidation of glutamine (23). The possibility, however, 
cannot be excluded that the activation of the deamidation of glu- 
tamine may be due to a reaction with the substrate, producing a 
highly labile phosphate ester (XXXVl) of the imino fonn of the 
amide (15) : 

NHicncooH on 

An,CH*c-o-i^ (XXXVI) 

Irn Au 

The numerous differences between the phenomena of pyruvate and 
of phosphate acceleration of glutamine deunidation have been de- 
scribed (38). Thus, whereas fdutamine deamidation is accelerated 
by pyruvate only in liver, it is accelerated by phosphate in liver, 
brain, and spleen. 

V. Dehydropeptldase I Activity in Tumors 
and in Pathological Sera 

Dehydropeptidase 1 activity in tumors is considerably higher than 
that of corresponding normal tissues (14). Studies by Meister and 
(ireensteiii (45) on human pathological sera revealed that significant 
elevations in serum dehydropeptidase activity occurred in coses of 
liver disease (Fig. 10). 


VI. General Aspects 

Several ensyine systems are known in tissues which act upon the 
C(=0)— N bond, among them the wide variety of proteases, pepti- 
dases, urease, and the dehydropeptidases. While the bond itself is 
the ultimate object of the ensymic attack, the molecular configuration 
about this bond determines the susceptibility of the bond to specific 
enzymes and their rate of action. Thus, for the action of proteases 
and peptidases, (a) the nitrogen in the bond must have a hydrogen 
attached, and (6) both carbon and nitrogen must be attached to a 
carbon atom. Prolinase apparently dispenses with a, and the nitro- 
gen in the susceptible linkage is attached by a bond to oach of two 
carbon atoms. In the case of urease, the carbon in the vulnerable 
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C('*0)— N bond is attached to another nitrogen atom. Dehydro- 
peptidase differs from all these systems in requiring for its ultimate 


'"I" 1 r-T 1 1 ' 1 1 — T 1 

0 & x’‘i; 

X Liver dSeaif x 

0^1^ ^0 0 0 0 0 

Tubeituloftii 


Neoplastic 

disease 

o 

o 

Miscellaneous 

condibons 

0 >c = Lwerdami^ 

Normal 

subjects 

, 1- 1 i ,■■■! ■ .1. 1 ■. L M ..g. 



1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 18 17 

AMMONIA, miopmoln/cc wrum/SO min 

Fi((. 16. DehyUropcptidase activity (DL-Alanyldehydroalaninp as substrate) 
iu normal and patholoKio human sera (15). Maximum hydrolysis i^quivalent to 
25 micromoles ammonia. 

action in addition to b a double bond in which the carbon attached to 
the nitrogen participates. These may be represented as follows: 


KDiynie buBC eplibie linkage 

Piotcases and peptidases 
Uehydropoptida&e«i 

Prolinase 
Urease . 


Beyond the nature of the susceptible linkage, the individual en- 
zymes concerned require additional specific groups attached to this 
linkage for their action to be effective. ITius, the action of dipepti- 


V -V{ HL);VHC— 

V- C{ -0)NUC( -(.>-(> 


G-C(-U)N~HX U)-0- 


C- 

V- Vt -0)N< 

V c- 

N— 
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dase requires the preseuce of a free o^mino group, a free ot-oarboxyl 
group, and hydrogen atoms aitarhcd to the two carbon atoms com- 
bined at either side of the susceptible linkage, wheieas, for the ac- 
tion of carboxypeptidose, the absence of the free a-amino group is 
essential but the other requirements for the susceptible substrate 
must be met. The molecular configurations essential tor dehydro- 
ppptidase activity bear some I’esemblauees to these, thus, for the 
action of both dehydropeptidase I and dehydropeptidase II, the 
presence of an a-earboxvl group in the substrate is required, but 
whereas for dehych'opeptidase I the presence of an o-nitrogen atom 
with at least one hydrogen is needed, for dehydropeptidase II the 
absence of this group is required. The substrate configuration for 
dipeptidase and dehydropeptidase I is somewhat analogous, as is that 
for carboxypeptidase and dehydropeptidase II : 


Ensyma 


Suflseptible configuration 


Dipoptidase -CIUNIUtV -())NH(!'II- (\)()n 

Uehydroprptidd'^e I -CHlNH\)C( 0)Nn(’(--rTIR) -TOOII ;==i 

- CU(NHX)(’f (qiiltl-COOH 


Carbo\ypoplidH«- . - CH(R)C*(-=0)NTICn— C’OOH 

Di-hydropoptiditoc II — ( H(R)r(^))NHf'(--riIR)— I’OOII ^ 

-CH(R)(’( 0)M— C( -CII.R)— TOOU 

where R -h>dioKi*n, h\diuxyl, halogtn, oi — CX-=<)) — N — 
X hydrogen, m cUiy l, or CH,^) 


These analogies hold only for the nature oi the susceptible configu- 
rations. When the rate of splitting of the suseeptible — C(==0) — N — 
linkage is considered, certain diffei-enees emerge. Thus, the action of 
carboxypeptidase is considerably areelerated if a phenyl group is sub- 
stituted on the ot-carbon atom to which the fiee carboxyl group is at- 
tached, but this substitution on the other hand inhibits the action of 
dehydropeptidase II, probably by reducing the C— C, C=N tautom- 
crism in the dehydropeptide substrate. The same reason probably 
applies to the lower susceptibility of such a substrate as glyeyldehy- 
drophenylalanino to the action of dehydropeptidase I. 

The substrates for the dehydropeptidascs are distinguished by their 
possession of an a, /3-carbon double bond which is in tautomeric 
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equilibrium with an. adjacent 0 »N bond in the ausceptible Unkage. 
Such substrates may arise in any one of a number of different ways: 
(a) by the a,fi dehydrogenation of saturated peptides, ( 6 ) by the de< 
Rulfuration of cystine peptides, (c) by the condensation between glu- 
tamine or asparagine at the amide bond with the carbonyl group of 
pyruvic acid, and (d) by the splitting of diacylaminopropionio acids. 

Whether the action of the dehydropeptidases is reversible is debat- 
able. The splitting of the dehydropeptides leads to the immediate 
formation of o-aminoacrylic acid or or-aminophenylacrylic acid, etc., 
which then spontaneously hydrolyze to ammonia and the correspond- 
ing o-keto acid. Since a spontaneous reaction is theoretically irre- 
versible, it may be wondered whether the action of an enzyme which 
breaks down the dehydropeptides can lead to the reverse process or 
synthesis of dehydropeptides. The presence of the a,j 8 double bond 
in the dehydropeptides provides the opportunity of adding various 
side chains at this bond, thus not only saturating this bond but es- 
tablishing the identity of the amino acid so treated. Thus, hydro- 
carbon chains, chains with aromatic substitutents, or chains with 
hydroxyl or mercaptan substituents may be conceived as saturating 
the double bond of the dehydropeptides and forming such natural 
amino acid residues as leucine, tyrosine, serine, cysteine, etc. Thus, 
if one or more a,fi dehydrogenations occur at various points along an 
intact polypeptide chain in a protein, followed by substitution at these 
points by new side chains, a new tyi)C of protein can be considered as 
arising on the polypeptide skeleton of the old. The action of the de- 
hydropeptidobos may be viewed as holding this synthetic possibility 
in check by splitting such unsaturated peptides as fast as they are 
formed, and thus participating in the anabolic-catabolic equilibria 
of proteins in tissues. It is com^eivable that the uusaturated imino 
acids 60 formed may, as in the case of the dehydropeptides them- 
selves, ill the iiresence of suitable systems, accept hydrogen from 
various donors, and be enuverted thereby to the corresponding satu- 
rated amino acids or peptides. 
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I. Introduction 

Although the agoificance of the fatty liv» did not escape the at- 
tention erf early inveetigatora such as Virchow and Rosnrfeld, our 
present understanding of the factors that control fat deposition in the 
liver stems from an observation reported in 1924. In that year it was 
announred that the surviving depancreatized dog suffers from a 
massive infiltration of fat in its liver (1,27), and it was in the pursuit 
of this finding that Best and associates were led to the discovery in 
1932 of the lipotropic action of choline (7). The next advance was 
made by Tucker and Eckstein, wh^ they demonstrated that meth- 
ionine is also lipotropically active (51). The discovery of these two 
lipotropic factors, togetlier with the subsequent elucidation of their 
biochemical interrelation by du Vigneaud and associates (20), gave 
us a new concept in nutrition, namely that fatty livers result from a 
deficiency of labile-methyl groups in the diet. 

It has been known since 1924 tliat the development of fatty livers 
in insulin-treated depancreatized dugs can be prevented by the ad- 
ministration of raw pancreas. When it was recognized that the ac- 
tivity of pancreas fractions upon the liver of this animal coxild not be 
accounted for by their choline and methionine contents, another type 
of antifatty liver factor was therefore brought to hght. This uniden- 
tified antifatty liver factor contained in pancreas is the subject of the 
present review. 

11. Survival of the Insulin-Treated Depancreatized Dog 

Studies on the survival of the depancreatized dog whose diabetes 
was controlled by the daily administration of insulin were begun soon 
after the discovery of the antidiabetic hormone. By the addition of 
raw pancreas to the animals’ diets Macleod and associates kept two 
dogs alive for as long as four years (30), whereas Uedon (30), by 
somewhat similar treatment, kept a single dog alive for five years. 
The possibility of the long survival of depancreatized dogs fed diets 
containing no raw pancreas was questioned, however. Thus the 
dogs of Fidier (27) and of Allan et al. (1) did not live longer than 
ei^t months. But tlieir failure to feed diets high in proteins and 
vitamins to counteract the impaired digestion resulting from loss of 
pancreatic enzymes probably eiqilains the short survival period re- 
ported by these early investigators. A diet meeting the minimum 
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requirpiupnts for a normal iIor may l)e dpfineut for an animal euffer- 
in^ from impaired ahRorptinii. 

Survival for more lhan four yearH of inaulm-trcated dcpancreatized 
doKs which had been fed a diet adequate in all respc'ets but eraitain- 
iUR no raw panrroaB haa been o)w(‘rvcd in the Berkeley laburatoriea 
(13). Because of the difficulties reported by some workers, the treat- 
ment of the dopi that survived for these Iour ])eriods are given here. 
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For several weekh l)eforp jianiTeatectoniy they were fed a diet high in 
calories, proteins, and vitaiiiins. FolluwiiiK pauci'eaieclouiy each dog 
was injecte<l with 8 noils of iiisuliii twice daily, at 8 a.m. and 4 p.u. 
Juat before each injection, they were fed the following mixture: 280 g. 
raw Icnn liet'f, .'iO g. sucrose, and 7 g bone ash. Vitamin supple- 



1 l)o| 2 , r)\, 5 5 M ai^uJIn p)ii(‘n‘a1rctimi\ (IT)) 



Fig 2 Dfig 1J(\ 5 1 ^^Lls afiri Fir. 3 Dog DH, 4 2 \(‘arH aflifT 
|)UTiriratertnni> (1.5) piiDrn'aterlnaiv (15) 


ments in tlic foim of cod liver oil and a rice Imm concentrate were 
added to the diet inixtuiie twice each week (15). A record of the dogs 
maintained under the almve conditions from one to five and one-haJf 
years is shown in Table I. Dogs DA, DB, and D(' are sjiecially sig- 
nificHiit liecuuse their survival periixls arc* the longest so far recorded 
for completely de[)anereatized dpgn maintained on n diet containing 
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uopancreaa. Their appearance at the time th^ were sacrificed is shown 
in Figures 1-3. 

111. Pathological Changes Apprarlng in Insulin-Treated 
Depancreatized Dog Fed a Diet of Lean Meat, 
Sucrose, Salts, and Vitamins 

Despite Ihoir long nurvival, these dogs are far from normal. The 
faulty al)soTi.)tion iinpohod by the loss of pancreatic juice probably ac- 
counts for their inability to gain weight and for the loss of weight ob- 
served in many of thcMu. In addition, the following defects have l)eeii 
observed. (J) a lipide di^^tnrbance charactcrizeil by a fatty liver and 
a decreased roiiceutraticai of blood lipides (.?) cirrhosis of the liver, 
and fJ) cataracts. 

\ Till. K.trrv 1JVEH 

Tlie deposition of excessive .'uuoiints of fat in the liver of the insulin- 
tn'ated depancreatized dog, finst recognized by Allan rf al. (1), has 
been amply confirmed. \ cardinal feature of this fatty liver is that it 
cannot be ucconiited for by failure of this dog to ingest adequate 
amounts of pioteiiis, \itamins, salts, onrl calories. It appears in the 
depanereatiztMl dog Jed amounts of these ilictary constituents that are 
more than sufficient fui munitaining the tiiUict dog normal in all re- 
spects. 

The livers of normal and iusidin-treuled depanrreatized dogs fed 
the same diet are compared in Table II. The livers of the depanerea- 
tized dogs, m iulditioii to containing large amounts of fat, are friable 
and eidurged. Normal dogs that weighed J.‘l 14 kg. rontained 2.30- 
2R0 g. of li\er, approximately 2^( of the aiiiiuars body weight. In- 
sulin-treated depancreatized dogs weighing from 7-13 kg., on the 
other hand, contained from .300-1100 g of hepatic tissue, wliieh 
amounted to about b f of their final body weiglit. Kvon when re- 
lated to the jireoperativc body weight, the ratio of liver weight to 
body weight in the depancreatized dog is still greater than normal. 

Total lipides may rise as high as 48‘’f of the wet weight of the liver 
in the depancreatized dog (33), aiiproximately twelve times the 
maximum amount foiuul in normal dogs fed a similar tUet. Since, 
however, a marked increase also occurred in the size of the livers of the 
depancreatized dogs, the actual gain in liver lipides can liest be gaged 
by comparing the alisolnte amounts found in both types of dogs. The 
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liver of a normal dog weigliing 11 kg. contained about 10 g. of total 
lipides, whercaa the liver of a depancreatized dog weighmg 7 kg. con- 
tained 352 g. 

The various Upide constituents do not share equally in the massive 
deposition of lipides in the liver of the depancreatized dog- The total 
amoimt of phospholipides contained in the liver of this dog increases 
but, because the liver is enlarged, the phospholipide content per gram 
of tissue is decreased (33). In the normal dog, phospholipides ac- 
count for as much as GO^c of the total lipides ih the liver, whereas, 
because of the large increase in neutral fat, phospholipides account 
for only 2 - 129 ^ of the total lipides in the depancreatized dog liver. 
Table 111 shows that the various types of phospholipides arc present 
in approuniately normal proivirtions in the livers of insulin-treated 
depancreatized dogs. Choline-containing phospholipides in the fatty 
livers of depancreatized dogs varied from 43 to 65®^, which is the 
range reported for the nonnal dog (50). 

111 

ChoUNC-CoNTAININO PnOhl'HOUPIDEg I.V Liveks of Defancbbatized Duos 
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* Nornuil fat ronti'iit maintained by the feeding of raw panrreas for twenty 
weeks. 

t They' ilogs refeivetl no raw panrreas for twenty weeks. 


Phospholipides and cholesterol accoxuit for only a small fraction 
(less than ) of the total lipides that accumulate in the livers of de- 
pancreatized dogs. As much ns 97% of the fatty acids is present as 
trifdyceridos. 

As judged by iodine numbers, the liver fatty acids are of a higher 
degree of unsaturntion in the normal than in the depancreatized dog. 
Thus in the normal dog the iodine numbers of liver fatty acids were 
131-13G, whereas in the depancreatized dog the values were 68-71 
(33). But the relatively low degree of unsaturation in the depan- 
ereaiized dog is to be expected in view of the low proportion of fatty 
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acids present as phospholipidcs, the constituent chiefly responsiblp for 
the high degree of unsaturation of normal liver fatty acids. 

It should be pointed out that chronic undemutrition does nut ac- 
count for the tremendous increase of liver fat in the depancreatized 
dog. No increase in the concentrations of lipides was found in nor- 
mal dogs in which losses of 20 to 50% in their body weifdits had been 
induced by subjecting them to low calorie intakes for a period of 
twenty weeks (21). 

1. Rate of Fat Depositiov in Lii'im of Insulin-Trealed 
Depancreatized Doga 

Ihe deposition r)f the excessive aniounth of fat in tlie liver of the 
insulin-treated dog fed a diet adequate in calories, proteins, salts, and 
vitamins, but containing no raw pancreas, is not a rapid prorens. The 
rate at whish fatty livers develop rinder the.'.e experiment ul conditions 
was shown in a study of 27 dogs sacrificed at intervals from 3.5 to 30 
weeks after pancreatectomy. The data are reeonled in Talile IV. 
Although fatty livers were observed as early as 3.5 weeks after e.K- 
cision of the pancreas, the oecurrence of such livers wa.s not a con- 
stant finding at this time interval. Not only the degree of fat infil- 
tration hut also the time of onset of such changes show considerable 
variation. It reipiircd a perioil of at lead sixteen weeks to insure a 
consistent finding of fatty acids in excess of 14^ (, in the livers of these 
dogs. This variability in the development of fatty liver has important 
implications in the assay of the aritifatty liver factor of the jiancreas, 
which is discusaed on page 105. 

2, Fat Content of Livers of Depancreatized Dogs That (S'wmm/ 
frmn to 5.5 Yeais 

Once the liver has iK'Come fatty, this fatty condition jierhiats for a 
long time; and in a single dog as much as 20 * , fatty acids was found 
in the liver three years after pancreatectomy (33). But, if the ani- 
mals survive long enough, a spontaneous decline in the fat content of 
the liver may occur. In three dogs that survived for 4.2 to .">.,5 years 
(DA, DB, DC, Table IV), approximately normal concent rations of 
fatty acids were found, although the total amounts of fatty acirls pres- 
ent were still far in excess of the nonnal liecause of the fact that the 
size of the livers failed to regress as fat left them. 
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TABLK IV 

Kbultion of Tiini abtub Pancbbatectoiit to FATFT-Arii{ Con font oh Livcbs 
IN COUFUSTULY DsPANCSIiATIAEU DOOS MAINTAINED Wnif iNbUUN 
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B. PLASMA LIPIDES 

Significant changes also occur in plasma lipides of the insulin- 
treated dcpancreatized dog (Table ^0 ■ Their concentration decreases 
while fatty livers are developing, but a pronounced fall in the former 
may appear long before a measurable increase in the fat content of 
the liver has occurred. A drop of 30-50'’i below normal in the level 
of plasma lipides has been observed as early as two to three weeks 
after pancreatectomy. Following this initial rapid drop, the conren- 
tration of plasma lipides may either show no further change or de- 
crease slowly to lower levels during the next ten to twenty weeks. 

All lipide constituents of the plasma arc decreased by pancreatec- 
tomy, but the most pronounced drop is usually found in estchfied 
cholesterol. Free cholesterol, on the other liand, shows less change 
than any other lipide constituent. Marked drops are noted in both 
total fatty acid and phuKi)holipide levels. It is of interest that the 
plasma phospholipides in the dcpancreatized dog, as in the itormal 
dog, are all of the choline-containing type (21). It is not known 
whether the relative proportions of lecithins and sphingomyelins in 
the plasma of the ins\ilin-treated dcpancreatized dogs are altered. 

(\ ABSORPTION OF PROTEINS, F\TS, t.VD C’tRBOllYDR VTKS 

The dog deprived of pancreatic enzymes either by complete ex- 
cision of its pancreas or by ligation of its cxcurrcnt ducts would be 
expected to suffer from impaired absorption of both jiroteins and fats. 
Surprisingly enough, however, the extent to which tlieir alwonition is 
interfered with by these procedures varies considerably from dog to 


TABLE VI 

Abbobftion of Fat and Protein bt Doob Deprived of Pancreatic Juice 


Invefltigaton 
(refoienofl number) 

Method by whirh 
pauoreatlo juice 
was excluded 

Fat 

absorbed, % 

Nitroicen 
absorbed, % 

Pratt, 1907 (28) 

VioBontini, 1914 (53) 

Vinsentini, 1914 (53) 

Duct ligatatiun 
Duct ligatalion 
Pancreatrrtomy 

4.8(0 70 6 

28 7 to 44.0 

8 7to25.7 

22.2to 61.7 

Ouikshank, 1915 (17) 

Pancreatoctoiuy 

,32.6 

78 

Pratt rt ttl., 1931 (40) 

Duct ligation 

93 6 

85.3 

Pratt etal., 1931 (16) 

Pancreatectomy 

95.2 

50.2 

Handelsmau H tU,, 1934 (29) 

Duct ligation 

41. 5 to 93.7 

47.0 to 60 

ScUe, 1931 (48) 

RalU et al., 1938 (47) 

Entenman et aZ., 1946 (21) 

Pancreatectomy 
Duct ligation 

av. 89.5 

47 to 72 

33-73 

Pancreatectomy 

29 to 95 

26-66 
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dog. This is brought out in Table VI, in which ore summarized the 
significant observations made during the past forty years. From 
20 to 70% of ingested nitrogen remains unabsorbed in the intestine 
of the dog deprived of pancreatic juice. No explanation can be offered 
for this variability, and still less is known of the degree to which the 
unabsorbcd protein is hydrolyzed. That there is an actual failure in 
protein digestion is apparent from the condition of the feces in de- 
pancreatized dogs which contain large amouuts of cell nuclei and 
striated muscle fibers. There can l)e little doubt that failure in diges- 
tion and absorption acooimts for the inability of the insulin-treated 
depancreatized dog to maintain its body weight when fed diets con- 
taining no raw pancreas. 

Table VI also shows the degree to which fat absorption is impaired 
in dogs deprived of pancreatic juice. Ingested fat does not pass 
through the intestinal tract unchanged, however, for as much as 70% 
of the fecal fat is in the form of fatty acids and soaps. The reason for 
the occurrence of splitting in the alxsencc of pancreatic juice is not 
clear. Some believe that the lower pH m the duodenum of the de- 
paiicreatized dog permits gastric lipase to act there; others ascribe 
splitting to the lipase of the siiccus entericus; and stiU others state 
that the splitting is due to bacterial action (28). If splitting had oc- 
curred in the duoflenum, it seems reasonable to believe that the ab- 
sorption of fat would nut have been impaired. 

In contrast to fats and proteins, carbohydrates seem to be well 
absorbed by the dug lacking pancreatic juice (28). 

D, BODY \VE1GHT 

Tl\e completely dejiuncreatized dog, in spite of the administration 
of insulin and a diet hot only high in calories but contiuning more 
than adequate amounts of protein, salts, and vitamins, loses weight. 
This weight loss, however, was not found to be uniform among the 
dogs studied in the Berkeley laboratories, and probably reflects the 
variability in the degree of impairetl absorption that results from 
pancreatectomy. A dog may, in twenty weeks, lose of its pre- 
operative weight or may show no loss whatever, but the average 
weight loss in this period does not exceed SU'Jr . The most pronounced 
weight loss occurs, as a rule, during the first three to four weeks after 
pancreatectomy. 
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E. CATAEACTii 

A high uicideucc of catamcts has been observetl in insulin-treated 
depancrcatised dogs that have survived for some time (13) . Bilateral 
cataracts appear as early as one year after pancreatectomy. The 
changes vary in degree from faint striations to diffuse irregular opaci- 
fication. All cataracts were either incipient or immature. As 
judged by ophthalmoscopic examination, the lenticular opacities were 
similar to those found in early senile cataracts of human subjects. 

F. CinilHOSIS OF THE LIVKR 

An abnormal degree of fibrosis and cirrhosis has been frei^ucnlly 
observed in the livers of insulin-treated depancreatized dogs (10). 
IDxtensive interlobular fibrosis associated with hyaline or colloid de- 
generation of iniUiy colls was found in the livers of dogs that survived 
for i)eriods longer than one and one-half years. This fibrous tissue 
proliferation frequently gave a pronunence to the portal spaces not 
seen in the normal dog. By the time these dogs had surviveil for 
four years or more, this proccs.-^ was so pronounced that the picture 
of a well-advanced cirrhoshs of the liver was present (Fig. 4). Such 
livers presented the characteristic hobnailed appearance, their sur- 
faces being covered by nodules of varying size, the lnrgc.st of which 
measured 10 min. m diameter. Infection and obstruction of the extra- 
hepatic bile passages ap[)eareil to be ruled out as causative agents in 
the produrtion of this liver scarring. The long-continued jiresence 
of large amounts of fat appeared to be a predisposing factor. 

IV. Effect of Raw Pancreas on Llpide Metabolism 
of the Insulin-Treated Depancreatized Dog 

Macleod and associates were the first to observe that the feeding of 
raw pancreas improved the rondition of the fcccs ami the general 
well-lieing of the insulin-trealod depancreatized dog (38,39). Raw 
pancreas was fed for the first time in the Toronto laboratories during 
Novcnilier, 1923, and in 1930 ]\facleod (39) presented the clinical 
histories of two depancivatized dogs kept alive for about five years by 
treatment with insulin and a diet containing 30 g. of rav pancrciis 
daily in addition to lean meat and sucixtsc. It is of interest to learn 
what prompted these early workers to introduce the raw glandular 
tissue into the diet. The finding of imperfect digestion of food in the 
insulin-treated depancreatized dog in association with fatty changes 
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in iheir 1ivoi«) l(‘d Maolpml (39) to htato in 1030‘ “Believing that the 
abHenre of panrn'atie fpnnontH, upon whieh thui inadequate dig(‘8tion 
obviously depended, might be related to the liepatir changes, it was 
derided to add raw pancnas to the daily tliet.’’ It should be jHiinted 
out, howevei, that this statement was inadi* by Mwleod liefore the 
lipotropic eftecls ol chohne or protein were iliscoveretl. 



tig t. VVill*iiiIv.iiiiiil iinli<iM‘< HI lilt hvii of ilog louiiil .’i5 \(ms iifti i 

paiH'icalcilomi (10) 

A LlVMt 

Tho effect of raw pancreas in prmritnii/ the inhltration of fat in the 
liver is shown in Table VH It is apparent that the daily ingestion of 
250 g. of raw Tiancieas (in addition to the regular diet) was effective 
in preventing the libnoiniul deiiosition of fat in the livei for iieruKls 
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TABLE VIJ 

Pb1!i\ENT10In up F\TTY LiVBBo in InSI LIN-TRFiATEl) DRPANrRpjATlXED DmiS BY 
Inge'3tion op Bar P\NrHB^s 



1 Huily wriRht, kg 
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fatly 
acidn, °/i 

1)1 

13 0 

13 5 

4 
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3 1 
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10 
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2 7 
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8 5 

0 0 

57 
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3 2 


Tlir oi 250 g ruv\ |mii(*if*as (lail\ fiORUn iinnu'ilialplv nil pi jiiiri- 

m^alcetoiuv 

extending from four wtN'ks to one year. The iiig(\s1ion of raw pan- 
oroafi iH also effective in maintaining body weight and nutritive state 
of the dogs. 

That the ingestion of raw pancreas can nanove thr' jH‘cunmlfit(‘d 
fat in the liver is illustnit(‘d in Table \ III ; in Ui(‘ dogs refernNl lo the 
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fepdiiiR of raw paiirrj'as wah fteRUii after fatty I’lveis were already 
present. A strikiuR featun' of its eurativc effpet is its slow aelion. 
While the inRestion i»f 2.50 r. of the raw Rlalldular tissiie eaeh day fol- 
lowiiiR paiiereateetoniy (?.(., from a time when the fat eoutent of the 
liver was still normal) rompletely inhibited the de))osition of ab- 
normal amounts of fat, the adminihtration of the same amount of raw 
pancreas for as Iour as 10 wirks, l)eRun at a time when fatty livers 
were present, failed to empty the liver eomjilptely of its abnomml 
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amoimtB of tat. A feeding period aa short as four or five melts ap- 
parently had no apilneciahle effect on fatty Ihrera. Once the liver is 
allowed to become fatty, thoefore, raw pancreas must be fed for a 
period longer than 16 weeks if the fat enntent of the Uver is to be re- 
stored to normal. 


B. BLOOD LIFIDES 

The decrease in the lipide content of the blood, which is chaiactetiB- 
lic of the depancreatieed dog receiving a lean-meat and sucrose diet, 
can be prevented or corrected by the addition of raw pancreas to Ihe 
diet. If immediately foUowing pancreatectomy raw pancreas is 
added to the diet, the blood lipides remain at or above the preoperative 



Fir. 6. The blood lipide changes produced in an insulin- 
treated depancreatised dog by the addilion and omission of 
raw pancreas from the diet. During period A the dog received 
the lean-meat and suoioso diet. During poiiod B, 250 g. raw 
pancreas was added daily to this lean-meat and Buciose diet. 

During period C the raw pancreas was omitted from the diet. 

levels. On the other hand, if no pancreas is fed the lipide content of 
blood drops markedly and reachra a plateau in three to four weeks. 
The addition of pancreas to the diets at a time when the lipide levels 
are low produces an immediate increase in the lipide content of the 
blood, and within three weeks the blood lipide content is again nonnal 
or above normal. 
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Even though all canstituente respond to pancreas therapy, th^ do 
not respond to the sune extent (Fig. 6). The most marked rise usu- 
ally occurs in the csteiified cholesterol fraction, but notable increases 
are also observed in the levels of total fatty acids and phospholipides. 
As a rule, little change occurs in the levels of free cholesterol. 

The amount of pancreas necessary to keep the blood lipides of the 
depancreatized dog at preoperative levels is in fact very small. Dogs 
were fed the equivalent of 5.5 g. pancreas per day. It is clear from 
Table IX tliat this amount of pancreas is as effective in keeping the 
blood lipides at normal levels as 250 g. (I'ig. 5). 


TABLE IX 

MATNTBNANnC OF NOHMAI. BlOOD Lll’IUia LbVBLH in THB DurANCRBATIZED Doe 
BT iNOEbl'ION or Pamcrkas* 


Period 

after 

Period 

recoiviDK 

panrrsas 

frartiutt 

AR.t 

weeks 

AmouDi 


Cholesterol 


Total 

fatty 

acids 

Phns- 

Total 

lipide 

panorea* 

tectomy, 

weeks 

AR per 
day, g. 

Total 

Free 

Ester 

pho- 

lipidoB 

Bi'fure 



168 


135 

33 

427 


595 

20 

20 

1 

108 




157 

41 

454 

471 

652 


* Dog D77. All lipidf valuoz (‘xpreHnnl om milligrams |)or 100 ml. whole blood, 
fig. AH wuK denvod Trum 5.5 g. raw paiicn'aH. It is tlir residue that n>- 
maiiipd after rxtrartion of raw paiirrcas with arotono and rther. 


The rise in blood lipides (Fig. 5) does not result from the extra 
calories contained in the ingested glandular tissue, for a siuiilar re- 
sponse is not observed when this tissue is fed to nonnal dogs. More- 
over, the observation that in the depancreatized dog 5 g. raw pim- 
creas is just os effective as 250 g. would also appear to rule out pres- 
ence of the extra calorics as an explanation for the rise in blood lipides. 

Vi Relation of External Secretion of the Pancreas 
to Fat Metabolism 

Maclcod, in 1920, presented two possible ex])lanatious for the fatty 
liven of the insulin-treated depancreatized dog: either that the di- 
gestive disturbance produces amines or similar toxic Bul)Btancos that 
are carried by the portal blood to the liver, or that the pancreas, quite 
apart from its function in producing insulin, also secretes some other 
hormone which is necessary for the physiologic integrity of the liver 
cell (38). A third possibility was recognized by this worker when he 















ANTtVATTT'UVIiB FACTOR OF TSB FANCB1IA0 


187 


stated four years later that the absence of pancreatic ferments might 
be related to the hepatic changes (39). No experimental support) 
however, was offered by Marleod for any of these three views. 

Since the loss of the external secretion of the pancreas is the most 
obvious defect in the insulin-treated dcpancreatized dog, its relation 
to the development of fatty livers will be considered first . Apart from 
pancreatectomy, pancreatic juice can be excluded from the intestinal 
tracts by fistula or by ligation of the excurrent ducts of the gland. 
The fistula procedure would appear to be tlie method of choice; for, 
tlieoretically at any rate, it offers a means of completely ridding the 
body of the extciual secretion of the pancreas without interfering 
with other possible functions of tlie gland. Unfortunately, dogs 
furnished with pancreatic fistulas that allow none of their pancreatic 
juice to be absorbed from the iutestinal tract cannot be maintained in 
good condition foi long periods. Ligation of pancreatic ducts, though 
not without difhcultieb, lias been used in the study of hepatic dys- 
function. The first to produce fatty livers in dugs by this procedure 
were Aubertin ef al. (f). Their findings were confirmed by Ralli et al. 
(47) and by Person and Glenn (44). But in 1936 Dragstedt and co- 
wuikers failed to oliserve fatty livers in dogs in which the pancreatic 
ducts had liocn ligated (52). A reinvestigation of this subject was 
therefoie undertaken by Montgomery and associates. 

A. LIPIIJK CHANCJKS IN THE DOG SUBJl-ICTKD TO LIGATION 
OF PANCREATIC DUCTS 

The method used by Montgomery et al. in the Berkeley laboratories 
fur ligation of jiancreatic ducts was designed to uibure complete 
severance of all cummunicatioiis between pancTeas and duodenum 
and to prevent reestablibhineiit of these cummunicationh by duct 
iccunalizatiun (10). Despite elaborate precautions, however, re- 
canalization may occur, and only by careful post mortem inspection 
and dissection in the region of the pancreas can it lie ascertained 
whether all connections between pancreas and duodenum have re- 
mained occluded during the periods of observation. In all dogs re- 
ferred to lielow as duct-ligated, complete separation between the 
pancreas and duodenum was so established. 

Soon after ligation of all ducts, the characteristics of the acinous 
tissue are lost and the gland becomes greatly atrophied. The residual 
structure is rarely thicker than 2 imn. 
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Following Bzduaion of pancreatic juice from its intestinal tract, 
the dog loeee w^ght ev^ when its caloric and protein intakes are far 
in excess of the normal. Dogs in which the loss in weight was partic- 
ularly marked suffered from muscular weakness. The injection of 4 
units of insulin twice daily prevented the loss of weight in the duct- 
ligated dog. This was somewhat suprising since in duct-ligated dogs 
that received no insulin the blood sugar levds were within the normal 
range. 

Montgomery et dl. (40) found that complete exclusion of pancreatic 
juice from the intestine induced fatty livers (Table X). The earliest 
observation was made twelve weeks after all communications between 
pancreas and duodenum had been successfully disconnected, and by 
this time as much as 35% of fatty acids had accumulated in the liver. 
Popper and Necheles also reported finding fatty livms in two dogs 
twelve months after all pancreatic ducts had been occluded (45). 

The accumulation of lipides in the liver of the duct-ligated dog is 
a slow and variable process. The fatty liver is the resiilt of neutral- 
fat infiltration. The concentration of esterified cholesterol also in- 
creases, but free cholesterol and phosphoUpidcs show little change. 
In all of these respects the duct-ligated dog resembles the insulin- 
treated depanercatized dog. 

The administration of insulin corrected the weight loss in the dubt- 
ligated dogs, as noted above, but failed to prevent the accumulation 
of excessive amounts of fat in their livers. Those fatty changes were 
prevented, however, when the administration of raw pancreas was 
begun immediately after duct ligation. Duct-ligated dogs fed raw 
pancreas showed no weight loss even when they received no insulin 
(40). 

Complete occlusion of pancreatic ducts in dogs also leads to a de- 
crease in blood lipide constituents (23). Insulin failed to prevmit this 
decrease. The ingestion of pancreas begun immediately after duct 
ligation prevented the decline in the level of the blood lipides. The 
addition of the glandular tissue to the diet at a tune when low lipide 
levels had already been established restored their levels to nonnal. 

The rimilarity of the action of pancreas in the duct-ligated and in 
the insulin-treated depancreatized dog suggests that the mechanism 
whereby fatty livers are produced in both types of animal preparation 
is the same. 
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B. LlFIDIil-METABOUSM-STlMULATINQ PllOFBRTlEB 
OF FANaiEATIC JUICE 

AlthouRh the observations thus far presented are not incompatible 
with the view that a factor or factors controlling lipide metabolism 
resides in the external secretion of the pancreas, it is nevertheless 
necessary to point out that loss of an internal secretion of the pan> 
creas — other than insulin, of course — ^resulting from atrophy of the 
gland induced by duct ligation could also explain these observationB. 
Strong evidence, however, favoring pancreatic juice as the controlling 
medium is provided by the finding that abnumud changes in liver and 
blood lipides in insulin-treated depancreatized dogs and in duct- 
ligated dogs can be prevented by introducing pancreatic juice into 
their diets (24,43). 

Clear, practically odorless pancrcMic juice was obtained from dogs 
by means of a modified Elnian-McCaughan fistula (43). Juic«- 
producing animals were fed a diet of lean meat and sucrose supple- 
mented with vitanun concentrates and salts. In addition, each dog 
received daily 800-1000 ml. of Ringer’s solution intravenously. 

The efiicacy of orally administered pancreatic juice in preventing 
the development of fatty livers in depancreatized dog is shown in 
Table XI. The control dog received the lean-meat and sucrose diet 
but no pancreatic juice. Twenty weeks after pancreatectomy its 
liver contained 22.5% fatty acids. The other dogs during the several 
months of observation received pancreatic juice in their diets in 
amounts varying from 10 to 200 ml. per day. The livers of all dogs 
exunined had normal fat contents; and, as can be seen from the 
Table XI, 10 ml. pancreatic juice daily (t.e., 5 nd. with each meal) 

TABLE XI 

FRBVSNTION or FAITT liirSHh in TnSUUN-TBBATKU JJaPANCUllATIZBI) Dooh 
BT Fbhutno Fancbbatic Juick 
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was just Sfi effective os 200 ml. in inhibiting the infiltration of fat in 
the liver. Pancreatic juice also protected ^e duct-ligated dog from 
fatty infiltration of the liver (43). Pancreatic juice reeemhlce raw 
pancreas in its action upon blood cholesterol, phospbolipides, and 
total fatty acids (24). 

The results presented in this section leave no douljt that the a1> 
nonnal changes in lipide metabolism produced either by excision of 
the pancreas or by duct ligation can be corrected by the daily inges- 
tion of pancreatic juice. These observations establish an essential 
function for the external secretion of the pancreas, namely the main- 
tenance of normal lipide levels in liver and blood. It would appear 
that the release of pancreatic juice into the intestinal tract is neces- 
sary for inhibiting excessive amounts of fat from being deposited in 
the liver. 

VI. Relation of Ghollne to the Antifatty-Liver Factors 
Contained in Pancreas 

The l)eneficial effect of crude egg yolk lecithin upon the liver of the 
insulin-treated depancrcatizcd dog was first descri1)ed by Hershey in 
1930 (31). Normal livers were foiuid by this observer in two such 
animals sacrificed after one year of lecithin feeding. These findings 
were confirmed and extended in later reports by Hershey and Soskin 
(32) and by Best and Hershey (6). The active component of the 
lecithin molecule was soon identjfic<l as choline by Best and assodates 
(7). The action of choline on fatty livers of the insulin-treated de- 
pancreatized dog was confirmed by Kaplan and CJhaikoff (35), who 
showed, however, that, while the daily administration of choline begun 
immediately after pancreatectomy readily prevented the deposition 
of abnormal amounts of fat in the liver, the ewative action of choline 
(by which is meant its action upon livers in which large amounts of 
fat have been deposited l)efore the feeding of choline was initiated) 
was a slow one. In this respect choline resembles raw pancreas (34). 
Choline is also an effective agent for the prevention of fatty livers in 
the durt-ligated dog (2G). This additional action of choline provides 
further evidence of a similarity in the mechanism by which fatty 
livers occur in the two types of experimentally produced coiuliticms. 

The investigations just described led Best and associates to regard 
the choline content of pancreas as accomitable in pari> for the anti- 
fatty liver action of this tissue in the insulin-treated deptuicreatised 
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dog. When later it was shown that betaine and protein exert lipo- 
tropic effects, they were careful to suggest that some of the activity 
of pancreas might be due to these two compounds or closely relstod 
factors (9) . This e:qilanation of the antifatty-liver action of pancreas 
was questioned, however, for it did not explain the failure of large 
amounts of lean meat (39) and of liver (52), both of which are about 
as rich as pancreas in methionine add choline, to prevent the appear- 
ance of fatty livers in the insulin-treated depancreatized dog. 

An answer to the relation of chohne to the antifatty-liver factor of 
pancreas was sought by comparing the minimum effective dose of 
choline with the minimum amount of pancreas necessary for main- 
tenance of normal livers in insulin-tieated depancreatized dogs (22). 
It was shown that 35 mg. choline per kg. per day are sufficient to 
inhibit completely the deposition of abnormal amounts of fat in the 
livers of insulin-treated depancreatized dogs. This amount of choline 
kept the fatty acid content of livers at 3 to 4% levels even when the 
period of observation was extended to five months. Although this 
may not be the smallest effective dose of choline, it was found that a 
daily dose of 15 mg. per kg. per day was not sufficient. 

Supplementing the diet of the insulin-treated depancreatized dog 
daily with 1 g. of a dried defatted preparation of pancreas designated 
AH, (the residue that remains after extraction of pancreas with ace- 
tone and ether, 22) which was derived from 5.5 g. of original glandular 
tissue, was found sufficient to prevent completely the development of 
fatty livers. Since this gram of AR contains less than 15 mg. choline, 
it is apparent that the antifatty liver property of this fraction cannot 
be accounted for by its choline content. Further evidence for this 
view is provided by the observation that the antifatty-liver substance 
in AR is completely destroyed by heat, whereas similar treatment does 
not destroy choline. The daily administration of steam-treated AR in 
amounts equal to four times the dose found effective for the unheated 
fraction failed to inhibit fatty livers. 

It was pointed out on page 190 that the daily ingestion of as little 
as 10 ml. pancreatic juice is sufficient to prevent fatty livers. Since 
100 ml. fresh pancreatic juice contained less than 1 mg. choline (42), 
it is also evident that the antifatty-liver effects of pancreatic juice 
cannot be accounted for by its choline content. 

It should be stressed now that, while the above considerations defi- 
nitely establish that pancreas and pancreatic juice contain a noncho- 
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line antifattjr-liver factor, they do not rule out the poeail^ty that 
additiomai amounts of choline are made available to the insulin* 
treated depanoreatised dog by the presence of pancreas fractions or 
juice in the gastrointestinal tract. 

VII. Preparation of Pancreas Fractions Rich 
in Antifatty-Liver Factor 

Investigations aimed at the isolation of the unidentified factor in 
the pancreas were undertaken first in the Chicago laboratories of 
Dragstedt and associatrs (18) and later in the Berkeley laboratories 
by Entenman et al. (25). 

A. LIPOCAIC 

In 1936 Dragstedt et al. obtained an active fraction alcoholic 
extraction. According to their report of that year it was prepared as 
follows: Raw pancreas was extracted four times with 95% alcohol; 
the extracts were concentrated at room temperature to a brown paste, 
and the latter was washed repeatedly with ethyl ether. The alcohol- 
soluble, ether-insoluble residue was designated lipooaic. According 
to these workers, the feeding of 2-4 g. per day of it cured fatty livers 
in insulin-treated depancreatized dogs; these amounts of lipocaic 
were derived from about 100 g. raw pancreas. In a subsequent re- 
port (19), the Chicago workers, by modifying the method for isolat- 
ing lipocaic, reduced the effective dose to 0.75 to 1.5 g. per day. 
lipocaic has the following properties: It is soluble in water, 5% 
saline, 60% ethanol, and glacial acetic acid, and insoluble in 70% 
ethanol. It is precipitated in the presence of 0.75-6aturated ammo- 
nium sulfate and from its solution in glacial acetic acid by 3-4 volumes 
of ethyl other. It contains no proteolytic activity and is not di- 
alyzablc. 

Dragstedt and associates claimed to have demonstrated that a puri- 
fied preparation of lipocaic (obtained by precipitation of the crude 
material with 0.75-SBturated ammonium sulfate and fractionation of 
the precipitate with alcohol) was active in preventing fatty livers in 
insdin-treated depancreatized dogs when administered aubeutane- 
oualy in doses of 55 mg. per kg. (16). A detailed report of this work 
has not yet appeared, and consequently judgment as to its signifi- 
cance must be withheld for the present. If confirmed, however, it 
would provide evidence for the concept llmt lipocaic is an internal 
secretioii. 



194 


I. Ii. CHAIKOFF AND C. BNXfflnClUr 


B. ANTIFATTy-LIVEB FRACTIONS PRliPARED FROM PANCREAS 
BY ENTENMAN AND ASSOCIATES 

In 1944 Eutenman d al. reported various procedures for the prepa- 
ration of pancreatic fractions rich in the antifatl^-liver factor (25). 
The extraction procedures used depended upon the ol)8ervatinn that 
the factor is soluble in dilute acid, is pn'cipitated by ammonium sul- 
fate between 0.25 and 0.50 saturation, and is nondialyzable. The oral 
administration of 60 mg;, of fractim 27C, the most active fraction 
reported up to that time, was sufhnient to prevent the development 
of fatty livers in insulin-treated depancreatized dogs weighing from 
11.5 to 16.2 kg. It is of interest that, while preventing the develop- 
ment of fatty livers, this amount of 27C failed to maintain the dog's 
weight. During an examination of the properties of the moiety in- 
soluble in 0.5-8aturated ammonium sulfate, it was observed that an 
active fraction coiild be precipitated from its aqueous solution at pH 
4 by means of 60% alcohol. Tlus finding was somewhat surprising 
since Dragstedt’s lipocaic is soluble in the prosenon of this concentra- 
tion of alcohol. 

The scheme employed recently in the herkcley laboratories for 
isolation of various active fractions involved alcoholic fractionation of 
a dilute-acid extract of panci’eas. Some characteristics of two highly 
active fractions are recorded in Table XU. Both are of interest, for 
they bring to light the potency of the antifatty-liver factor contained 
in pancreas; the doily feeding of 6-22 mg. completely prevented fatty 
livers in insulin-treated de]jaucreatizcd dogs weighing 10-15 kg. 


TABLE XII 

SOMK PROeEHTTIiS Of PANrKii^h FHAUnONh JIiatlliT .tci'lTTS IN PaBVENTION OF 
Fattt Livniu in Insuijn-Trhatbd DEPANtiRHATiKsn Doom 


Fraction 

Amount found 
to urevent 
fatty iivera, mg. 

Solubility in 

SO% ethanol 

Froteolytic 

BoU^uty* 

63A 

22 

Soluble 

None 

G2C 

6 

Insoluble 

Nono 


* Protoolytic activity moaHured by method of Anson (3). 


Entenman and Chaikoff have tested the antifatty-liver activity of 
pancreas fraction prepared by Barnes, Bosshardt, and Ciereszko of 
Sharp and Dohme Laboratories. A residue obtained from raw pan- 
creas by treatment with acid alcohol was used as sturtiug material; 
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a wateiHsoluble, aoetone-insoluble fraction prepared from this residue 
was found to be rich in antifatty-livrr activity. The oral administra- 
tion of 10 mg. per day of the fraction was sufficient to prevent fatty 
livers in insulin-treated deponcreatized dogs. It contained no pro- 
teolytic activity, as judged by in vitro tests (3). 

C. MKinOD OF ASSAY FOR ANTIFATTY-UVER ACTIVITY 
OF PANCREAS FRACTIONS 

In testing for the presence of lipocaic in their fractions, Dragstedt 
and associates employed the following criteria in depancreatized dogs: 
curative action upon fatty livers as checked by biopsy, improvement 
in glucose excretion and insulin tolerance, relief of hypoglycemia, and 
improvement of the nutritive state (2,19). The test period occupied 
four to six weeks. 

It was observed in the Berkeley laboratories, however, that the 
curative action of either raw pancreas or choline is slow and irregular 
(34,3.5) and that a single biopsy sample of the liver is not necessarily a 
reliable indicator of the total infiltration of fat in this organ (14). 
For these reasons preventative action, t.e., the capacity to maintain 
a normal fat content in the livers of several insulin-treated depan- 
creatized dogs, was used as sole criterion for antifatty-liver activity of 
pancreas fractions (41). The test })eriod was never less than four 
months and usually as long as five mouths. The entire liver was ex- 
cised, ground, and thoroughly mixed, and a sample of it analyzed for 
totfd fatty acids. 

The prolongation of the test period fur sixteen to twenty weeks is 
justified on the following experimental evidence. Although fatty 
livers have been observed as early os three and one-half weeks after 
pancreatectomy, their appearance at this short interval is not a con- 
stant findiixg (Table IV). Livers containing in excess of 15% fatty 
acids were found consistently only in those animals that had been 
maintained for twenty weeks or longer after pancreatectomy. A 
positive result with this assay procedure means that the amount of a 
fraction fed contains enough of the antifatty-liver factor to maintain 
a normal fat content in the liver for long periods. Amounts of the 
antifatty-liver factor that are not sufficient for complete prevention of 
fatty livers will, of course, not be detected by this procedure. 

Since assay in the insulin-treated depancreatized dog is laborious 
aad extremely time-cQQSuming, it is not surprising that some inves- 
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tigatoiB were led to study the effects of pauereas fractions on fatty 
liyeis of normal rats induced by feeding them low-protein, low-cho- 
line, high-fat diets. Table XIII shows why this type of rat fatty 

TABLE XIII 

Erracrs or VASiotm Suppuaiiiiras on Livbbs or iNstruN-TmikniD 
Dbfanciibatizsd Dogs and on Livasa or Nobmad Raib Fbu 
A Low-Pbotbin, High-Fat Dibt 


fiapplement to dist 

Fatty livar of imulin- 
treoted depanerofttLied 
dog fed high-jproteln, 
low-fat <fiet 

Fatty liver of normal 

rot induDOd by 
feeding low-protein, 
high-fat diet 

Protein (meat or casein) 

No effect 

Prevents and cures 

Free choline 

Prevenis and cures 

Prevents snd cures 

Pancreas fraction 62G, 6 mg. 

Prevents and cures 

No effect 


hver cannot be used as test object for the pancreatic, noncholine, 
heat-labile, antifatty-liver factor under consideration here. Fatty 
livers develop in the insuUn-treated depimcreatized dog fed an over- 
abundance of protein, whereas the fatty liver of the rat can be pre- 
vented by the ingestion of small amounts of protein. The most per- 
tinent evidence on this point is provided by the difference in response 
of the two types of fatty livers to an active pancreas fraction isolated 
in the Berkeley laboratories, namely 620. The daily ingestion of 6 
mg. of this fraction was sufficient to prevent a fatty liver in an insulin- 
treated depancreatized dog weighing approximately 10 kg. but had 
no effect an the fatty Uver of a 200-g. nonual rat. The fatty liver in- 
duced in the rat Ijy deficient diets responds, of course, to the ingestion 
of such lipotropic factors as choline and methionine (36). It is there- 
fore of interest to note hero that, according to the observations of Best 
and Bidout (8), Aylward and Holt (5), Mackay and Barnes (37), 
and Entenmon ef al. (21), the antifatty-liver properties of lipocaic 
in the normal rat can be fully accounted for by its protein and choline 
contents. 

VIII. Mechanism of Action of the Antifatty-Liver Factor 

of the Pancreas 

Two facts stand out from the picture so far presented on the condi- 
tions concerned with the development of fatty livers in insulin- 
treated depancreatized dogs and in dop deprived of the external se- 
cretion of their pancreas: First, fatty livns appear in such dop 
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despite the fact that they are fed a diet not deficient in choline or in 
methyl precuTBots, but can be prevented by the addition of extra free 
choline to the diet or by the ingestion of fractions derived from the 
pancreas. Recond, it is not the choline content of the pancreas frac- 
tions fed that accounts for their antifatty-liver action. The ingestion 
of as little as 6 mg. per day of fraction 62C (Table XII), which is free 
of choline, is sufficient to prevent fatty livers in insulin-treated de- 
pancreatised dogs weighing 10-12 kg.', whereas the minimum ef- 
fective dose of choline was approdmately 300 mg. 

Although it was pointed out quite.early that the phospholipide con- 
tent of blood is depressed in the insulin-troated depancreatized dog 
and in the duct-ligated dog maintained under conditions that promote 
{he development of fatty livers, the significance of this observation 
was not fully understood until it tecame clear that practically no 
choline exists free in plasma and that nearly all choline is bound as 
phospholipide (40). This means that the phospholipide content of 
plasma is a measure of its choline content. This new observation on 
the nature of plasma phospholipides raised the question whether the 
dogs in which the external secretion of pancreas has been interfraed 
with are suffering from a deficiency in circulating choline. That this 
is indeed the case is brought out in the data presented in Table XIY. 


TABLE XIV 

PliABMA CUOUNS Of InBUUN-TbF.ATGU DiSPANCKBAnZBD DOO 
AND OF DtTOr-l40ATF.D DOO 


Doi 

Tima of obaervatioD 

Flttinw 
oholine, 
mg;/! DO ml. 

D552 

Before pancreatectomy 

62.0 


28 weeks after pancreatc^ctomy 

45.0 


52 weeks after pancreatectomy 

40.0 

E91 

Before ligation of pancreatic ducts 

66.7 


22 weeks after ligation of pancreatic ducts 

29.3 


In this table are recorded the concentrations of plasma choline of dogs 
just before and at various intervals after either pancreatectenny or 
ligation of pancreatic ducts. Depletion of choline stores in plasma, 
therefore, appears to provide a reasonable explanation for the de- 
velopment of fatty livers in the insulin-treated depancrearized dog 
and in the poncreatic-duct-ligated dog. This view is in keq)ing with 
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the fact that it requires the addition to the diet of 35 mg. choline per 
kg. body weight per day to prevent the developmrat of fatty livers 
in these dogs. 

This explanation gains further support from the finding that the 
decrease in plasma choline does not occur when the development of 
fatty livers is inhibited. Thus in dugs that received daily 1 g. of AK, 
a dried defatted preparatiun of raw pancreas, in all diets given after 
pancreatectomy, the level of plasma choline was as high as or higher 
than preoperativc levels (11). 

Striking evidence that a principle highly active in choline metabo- 
lism is contained in the pancreas tissue has been presented. An in- 
sulin-treated depancrealized dog was maintained on a lean-meat diet 
for a period sufficient to permit the level of plasma choline to fall 
below the normal. Then fiO mg. of fraction 27C was added daily for 
21 days to the diets administered. This resulted in a pronounced in- 
crease in the level of plasma choline — ^from SQ..*) to 63.2 mg. per 100 
ml. The weight of the animal increased from 7.5 to 7.7 kg. at the 
some time. Upon cessation of 27C^ treatment the plasmacholine de- 
creased to 36.8 mg. per 100 ml., the dog’s weight to 7.0 kg. A similar 
effect on plasma choline has been produced by feeding pancreatic 
juice (43). 

We are now confronted with the fact that the development of the 
syndrome involving fatty liver and the depletion of circulating choline 
in these dogs is not dependent upon a lack of methyl donors in the 
diet. This syndrome appeared in dogs that were fed daily 500 g. 
lean meat, which contains about 0.5 g. choline and 3 g. methionine, 
an amount of lipotropic substances more than sufficient for prevention 
of fatty livers in normal dogs. These cuusideratiunB suggest that in 
the dug deprived of the external secretion of the pancreas there is on 
interference either in the mechanism by which bound choline and 
methionine of the diet arc made available for lipotropic purposes or in 
the synthesis of choline from methyl donors. Either interference 
could account for the decreased amounts of choline foimd in plasma. 

But free methionine, like free choline, prevents fatty livers in the 
insulin-treated depan creatized dog. This is shown in Table XV. Ac- 
cording to du Vigneaud et at, methionine prevents fatty livers by 
supplying the methyl groups for the synthesis of choline (20). These 
workers have furnished indisputable proof of the transfer of methyl 
groups from methionine to choline in the rat, the rabbit, and man. 
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Tbe finding therefore of notinal amounts of fat in the livers of meth- 
ionine-fed, msulin-treated depancieatised dogis can leave no reason- 
able doubt that the synthe^ of choline from free melhionine is not 
interfered with in the dog deprived of its pancreas (12). 

TABLE XV 

Lmia LiFifiBS of Depancbbatikeu Doqb Fed dl-Mbthioninb fob TwbiOT 

Wbbkb 




Body weight* kg. Methioune fad j 

Uvar 


Dog 



Period 

fad* 

weeka 

Amount 
par dgy 
g* 

w-taht. 

>• 

Total 
fattj 
aaida, % 

JI3 

r 

7 5 

6.5 

— 

2.1 

238 

3.0 


1 Methionine fed 

9 7 

0.1 


2.6 

412 

6.7 

D517 


7.0 

7.2 


3.0 

S6S 

2.8 

D532 

D526 

i Control 

1 


7.0 

6.0 

■ 


1 ^ 

22.0 

17.7 


In view of this action of free methionine, the question arose whether 
the fatty livers observed in depancreatized dogs fed a lean-meat diet 
could be overcome by increasing their protein intake. Four dogs were 
therefore fed daily for twenty weeks 500 g. lean meat as well as BO g. 
casein. Despite the fact that this omoimt of protein contained 7 g. 
methionine, fatty livers were found in three of these four dogs. This 
eonfinns an earlier observation that the daily ingestion of 1000 g. lean 


. TABLE XVI 

IlTDBOLYiSKl) AND IJlOlYUBOLTBBI) ('iSBlN EkFIjCT I)N I’KODUr'flON OF PaTTY 

LiVBaB IN CnuPLhTBLY DnpANrHBAnziSD Dons Maintainbd with Inhulin 




Body weights kg. 

Liver 

Dog 

Daily diet 

At 

Final 

Weight, 

Total fatty 



etait 


g. 

M»di» % 

D380 


10.3 

9 7 

452 

16.4 




7.6 

440 

17.5 


80 g.* 

14 3 

8.2 


15.6 

D405 

casein 

17 5 

14 2 


5.0 

D407 


12.6 

7.5 

680 

19,3 

D586 

80 g.* 

10.6 

9.6 


1.9 


hydrolysed 


8.7 


1.6 


oaaein 

11.0 

8.8 

466 1 

2.0 


' In additiim to BuefoMe, vitamiDB, and Baits. 
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meat did not prevent the infiltration of large amounts of fat in the 
liver of a depancreatized dog (35). 

In Table XVI the effects of feeding casein and hydrolyzed casein 
upon the development of fatty livers are compared. There can be 
little doubt from these results that the failure of 80 g. casein to prevent 
fatty livers is due to the inability of the deponcreatized dog to release 
ui effective amoimt of methioniiie from this casein. 

The pnmounced difference in the antifatty-liver action of hydro- 
lyzed and unhydrolyzed casein justifies the conclusion that in the 
gastrointestinal tract of the completely depancreatized dog there is a 
disturbance in the mechanism whereby the methionine of protein is 
made available for lipotropic purposes. It was therefore proposed, 
as a working hypothesis, that the antifatty-livcr factor of pancreas is 
a proteolytic enzyme (12). Huch a hypothesis offers a reasonable ex- 
planation for the antifatty-livcr activities of raw pancreas, pancreatic 
juice, and certain pancreas fractions. It also serves to explain the 
positive action of methionine and hydrolyzed protein as against the 
negative action of unhydrolyzed protems. 

But recent findings suggest that this hypothesis, at least in the 
simple form in which it is presented above, may not bo adequate. 
As already pointed out in Section VII, highly active fractions which, 
as judged by in vitro tests, possess no proteolytic activity have been 
obtained from raw pancreas. Whether this means that pancreas 
contains another antifatty-liver factor, in addition to the one already 
postulated, remains to be determined. 
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I. Introduction 

The subject mutter of the present essay has nut been treated in a 
comprehensive tvay elsewhere in the literature. Therefore, an at- 
tempt is made herein to present a rational analysis of the prublems 
involved and to review existing data in the light of this analysis. 

The central prublems of alkaloid biogenesis are, of course, the char- 
acterization of synthetic mechanisms and the discovery of relation- 
ships, if any, between these mechanisms and other physical and 
chemical systems within the organism. Closely linked to these prob- 
lems are certain accessory and distinctly biological questions ooncem- 
mg loci of synthesis, patterns of accumulation, and the quantitative 
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effects of intrinsic and environmental factors upon production rates. 
Fur the experimenter with a chemical outlook, it is an unpleasant 
fact that the great majority of alkaloids are produced by plants which, 
because of their advanced evolutianary development, also possess 
the most complex physiological and structural organisation. It is 
not surprising, therefore, that the successful study of alkaloid biogen- 
esis should finally appear to be an interdisciplinary affair, of necessity 
involving a high degree of integration at the experimental level of 
chemistry with plant physiology and morphology. Traditionally, 
investigations of alkaloid biogenesis and physiology have seldom at- 
tained this unity of action. The result has been the accumulation 
of a relatively extensive literature written from the viewpoint either 
of the organic chemist or of the botanist and characterized by resort 
to speculation where experimental inadequacies of the divided ap- 
proach made further progress impossible. Although they have con- 
tributed little to a direct understanding of alkaloid biogenesis, certain 
of these studies have led to the development of a sound and useful 
body of knowledge concerning the diivctions and rates of noncuta- 
lyzed organic reactions under rehitively mild conditions of concentra- 
tion, temperature, and acidity (see so-called “model syntheses” and 
“syntheses under physiological conditions” of Robinson, Julian, and 
Schfipf, respectively) (43,02,87,101,108-110,1 14-117,129,149). From 
the biochemical standpoint, however, such information ran be re- 
garded as indicating little more than kinetic and thermodynamic 
posmbility of occurrence of otherwise highly improbable in vivo 
events. The basis for this seemingly paraduxical situation is to be 
found in currently changing conceptions of the nature of chemical 
processes in living things. 

A. ALKALOIDS AND THK PROBLEM OF BIOSYNTHESIS 

Formerly, it was widely held that chemical changes in plants and 
in animals very probably follow the simpler type reactions of con- 
temporary organic chemistry. The almost universal acceptance 
without supporting evidence of the formaldehyde theory of photo- 
synthesis is a case in point. Gradually, however, this view has been 
abandoned in favor of a new concept which regards chemical activity 
in the cell as mediated largely, if not entirely, by organic catalysts. 
At first, emphasis was placed upon the down-grade aspects of enzymic 
activity su^ as those found in the digestion and oxidation of carbo- 
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hydrates, fats, and protehu. The importance of epiymes in bio* 
synthesis has only recently been recognised, and it is an interesting 
commentary that such recognition has come about principally through 
the application of uniquely biological concepts (*.r., the prindplcs of 
genetics) to biochemistry. The work d Beadle and Tatum and their 
school has demonstrated, for instance, that a one-to-me relationship 
hdds between genes and specific reactions in the synthesia of certain 
vitamins and amino adds in the mold Neurospora (6,133). Such 
findings as those of Umbreit, Wood, and Gunsalus (136) and Sdiwd- 
gert (118) appear to support this condudon. According to Beadle (6), 
the ^rpothesis upon which his interpretations are based may be 
expressed as follows: “In determining the specific ohenucal and 
perhaps phydcal ccmfigurations of protein molecules, genes directly 
determine ensyme spodfidties and thereby control in a primary way 
ensymatic syntheses and other chemical reactions in the organism.” 
While it is not to be presumed that the simple one-to-one rdaticmship 
between genes and reaction stops as devdoped by Beadle can explain 
either all cases of biosynthesis or all instances of genic control, it 
nevertheless is steadily becoming more apparent that the underlying 
assumption of enzymic regulation of metabolic pathways can no 
longer seriously be challenged. 

Existing evidence which can bo used to relate alkaloid biosynthesis 
to ensymically catalyzed sequential reaction series is painfully 
meager. The compelling fact remains, however, that not only the 
ability to Bynthesize a given alkaloid but also the actual rate at which 
it is produced are controlled by hereditary means (71,126). Thus, it 
seems reasonable to assume the occurrence of some type of gene- 
enzyme-reaction relationship dmilar to that found by Beadle and 
Tatum in Newrospora. 

Michaelis (00) and Kalckar (63) have pven emphads to the fact 
that enzymes may raise to a level of kinetic importance reactions 
which, although thermodynamically possible, dther do not occur to 
an appredable extent or are superseded by other more rapid reactions 
in t^ absence of such enzymes. Thus, biologUMil reaction pathways 
may be considered to l)e potentially unique. Indeed, the relative 
frequency with which these pathways {e.g., glycolysis) fail to coin- 
cide with what might be predicted on the basis of the noncatalyzed 
type reactions of organic chemistry alone would seem to suggest a 
fairly widespread realization of the uniqueness principle. 
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The probability of enzyniie mediation of alkaloid ^thcaa by way 
of highly specific reaction steps would seem to render irrelevant the 
many schemefl based upon purely thermal processes by means of 
which alkaloid biogenesis has been “explained” in the past. For this 
reason attention will be directed in the remaining pages to the results 
of those investigations which have sought to desd directly with the 
problem at the in vivo level. 

B. PHYSIOLOGICAL FUNCTIONS OF ALKALOIDS 

There are three serious deficiencies in alkaloid biochemistry that 
may be ascribed dh-ectly to the historical lack of a unified approach. 
One of these is the absence of evidence that would relate alkaloids to 
definite biochemical or biophysical functions and thus explain their 
significance in the metabolism of the plants that produce them. A 
second is failure to establish direct connections between alkaloid 
production and catabolic processes on the one hand and/or anabolic 
processes on the other. In other words, up to the present it has still 
been impobsible either to discover whether alkaloid production is the 
result of synthetic or degradative activities in the empirical sense or 
to leom anything about the relationship, if any, of alkaloids to the 
general physiological chemistry oi the organism. Notwithstanding 
the aKsence of definitive evidence bearing upon these points, there 
have grown gradually over a period of time a number of speculative 
notions some of which are still widely accepted in lieu of anything 
more concrete By and large, the impression seems to prevail that 
alkaloids, being nitrogenous, must be produced parallel with or as a 
result of some phase of protein metabolism, either protein synthesis 
or protein brcakdo'wn (2,16,43,.'i7,l39). Tt maybe noted, parentheti- 
cally, tliat no one seems to have consideicd it necessary to postulate 
a similar relationship for sucli closely related compounds as the vita- 
mins. Again, because it has ])een impossible thus far to discover an 
in vivo function for alkaloids and because they frequently accumulate 
in barks, seed coats, and other terminal structures, it has been as- 
sumed that these substances reprt*sent essentially waste products of 
metabolism formed us a result of irreversible reactions, usually un- 
available for further exploitation by the plant cell, and hence dis- 
carded by deposition in tissues where metabolic activity is at low ebb 
(16,81,139). 

With respect to the third of these deficiencies, from the ensymic 
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potat of view there is a wide discrepancy between the activities of 
many aUcaloids for plant and for animal iissues. In a large number of 
oases alkaloids when introduced into the animal body in minute 
■amounts exert poweiiul physiologica] effects wluch are almost cer- 
tainly concerned with some type of interference with or inactivation 
of ensyme systems (41,60,61,145,150). On the othci hand, the pres- 
ence or absence of the same alkaloids in the tissues of the plants that 
produce them has always seemed to be a matter of relative indiffer- 
ence. For instance, it has been possible in the author’s laboratory to 
produce tobacco leaves experimentally that contain a wide range of 
nicotine contents from extreme values of K to 12% of dry weight down 
none at all without any externally visible effects upon growth rate, 
morphology, or ability to reproduce (unpublislied olMervations). As 
will be shown later, however, there is room for belief that failure to 
detect any physiological activity whatsoever in plant tissues is the 
result mure of faulty experimentation than of actual lack of such ac- 
tivity. Fur this reason and hccaubo of the close structural rebation- 
ship Ix'tweeii alkaloids, vitamins, outivitiimius, ooenzymeb, and spe- 
cific drugs, a careful examination of this general problem in the light 
of recent advances in enzyme chemistry seems greatly to be desired. 

C. THE PROniJOM OF EXPEIUMENTATION 

A survey of the literature reveals certain defects in experimental 
design and errors in basic as.sumptiou wlxieh havi' eontributed sub- 
stantially to the sterility of nuuiy earlier investigations of alkaloid 
biogenr'sis. In brief outliue these are: (/) the tendency of most 
inveHtIgat4)rs to cxpivss analytical data indiscriminately in terms of 
per cent of fresh or dry weight rather than in absoluti* qujintitics per 
organ (»r p<T pliml ; (.^) tailuiv to roeognuM' the importance of deter- 
mining the sites of synthesis of the alkaloid in the plant body as op- 
posed to sites ol accumulation; (•'f) the use of nonspecific methods 
for quantitative cheiuieal (‘stimation of alkaloids in plant tissues with- 
out independent and eonfinnatory evidence; and (-^) the tendency 
to adopt a priori assumptions concerning (n'^ the intermediary relar 
tionshipB of alkidoid formation to protein metabolism (100,111,136), 
(b) the role of photochemical reactions in the production of the funda- 
mental heterocyclic ring stnictures (4,5,51,98,127), (c) the nonneces- 
sity fur enzyme participation in the sequence of chemical steps leadiog 
to synthesis (100,101,108,110,114,129), and/oi (d) the probability 
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that the green leaf is the seat of synthesis of most of the active plant 
principles (15,17,24,93,132). 

In the lii^t of all that has gone before, the rational investigation 
of the biogenesis of any individual alkaloid might therefore be ex" 
peoted to proceed somewhat as foUows: 

1. Determination of the locus of synthesis in the plant body to the 
end that suitable tissues or organs might be selected for use in subse- 
quent experimentation. A great many investigations of alkaloid 
synthesis have been reported in which the tissues employed were ac- 
tually incapable of forming the alkaloid in question (17-21,23,24, 
40,54,57,59,60,77,88,89,93). 

2. The identification of chemical intermediates and of the cataljrsts 
concerned in the sequential steps leading to synthesis. 

3. Characterization of other physical and chemical systems aa- 
Hociated with the process of alkaloid formation or with the activity 
of the newly synthesized product and the way in which these systems 
are integrated with the general physiology and biochemistry of the 
plant. 

4. Evaluation of the effects of intei-nHl (t.c., genetic, hormonal, 
etc.) and of external (environmental) variables upon the differential 
rates of growth and alkaloid syntheris. 

In recent years gratifying progress has been made os a result of the 
systematic investigation of alkaloid biogenesis from the points of view 
outlined above. The way ut)w seems clear, therefore, for a direct 
and successful attack upon the prinripol problems of biosynthesis 
and physiological function. 

Before iindcrtoking a discussion of these advances, however, it 
seems advisable to call attention to the fact that alkaloids probably 
do not represent a homogeneous group of substances from the physio- 
logical or even from the biochemical standpoint. Up to the present 
time the classification has been primarily of use to the organic chemist 
and has served as a repository for those compounds which can be con- 
sidered as derivatives of pyridine, quinoline, isoquinoline, etc,, for 
which no biological sigdificance is known (e.g., pyridoxine is a deriva- 
tive of pyridine but is not classed as an alkaloid because of its known 
role in enzyme systems and as a vitamin). It might reasonably be 
expected, thei-efore, that ultimately the various alkaloids may be re- 
classified on the basis of their metabolio activity into such categories 
as, for instance, vitamius, coeuzymes, aiitivitamius, autienjQrmes, and 
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even outright waste products. In this event, the present atbitnsy 
distinctiooB between such compounds as nicotine, nicotinic acid, and 
penicillin may eventually disappear. 

To the same extent that unrertainties of definition introduce un- 
certainties of biochemical interpretation, so also do they necesritate 
caution in attempts to derive generalisations from RioBliTig data that 
will hold true for diverse groups of alkaloids and for dififerent genera 
and species of plants. Therefore, in the discussian that follows, it is 
well to bear in mind that the points of siniilatity between independent 
systems may be entirely furtuitoub. 

II. Loci of Alkaloid Synthesis 

The plant body is rather simply divided into three major external 
organs — the root, stem, and leaf. For the purpose of exploratpry 
experimentation it is usually neressary that localisation of an alkaloid 
synthetic mechanism be attained only with respect to organs rather 
than to the tissues that compose the orgaus. Eventually, even the 
latter information is also neccKSOiy, however. The demonstration 
of localised synthesis in root, stem, oi leaf would be relatively simple 
but for the complicatiou introduced by posbihilitieb for alkaloid mi- 
gration from tlip site of initial bynthesis to other portions of the plant 
body where accumulation may ensue. It therefore becomes neces- 
sary to determine whether in a given case the presence of an alkaloid 
in a plant organ is the rcMilt of formation in situ or of translocation 
followed by secondary accumulation. The choice between these two 
possibilities may be still further complicated by degradations or other 
secondary chemical modifications of the alkaloid molecule subsequent 
to its deposition in the area of final .aerumulatiun. The question thus 
arises with respect to the kinds ot experimental evidence that may be 
of value in the clear-cut separation of these variahlcb. 

A. SOUUr'KS OF EXPERIMENTAL PAIDENCE 

Tlireo investigational procedures have contributed most effectively 
to the identification of synthetic loci. These are: {!) tlie detailed 
description of accumulation patterns in the plant body at all stages of 
growth and development from the ripe seed to the senescent indi- 
vidual; (fi) the culture of isolated organs in vitro] (3) the preparation 
of transplantations (i.e., grafts in horticultural terminology) between 
species of plants that produce alkaloids and those that do not. A 
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brief charsoterisaiion of each of these procedures together yritfa an 
estimate of its experimental value and limitations is presented below 
as an aid to the interpretation of discussions that are to follow. 

Distribution Pattenis in the Plant Body. The determination of 
alkaloid accumulation patterns in the plant body is capable of yield- 
ing mueh useful information about (a) areas of preferential accumu- 
lation, (b) correlations between intensity of synthesis and rate of 
growth, (c) positions of ])riur appearance in point of time, and (d) 
general drifts in over-all production rates with time and stage of 
development. From the standpoint of localizing synthetic mecha- 
nisms, however, such information is incapable of differentiating 
between acciunulatinns that are a result of s^mtheHis in situ aud those 
that are a result of translocation and secondary deposition. If, for 
instance, it became established tluit a given alkaloid appears in the 
root tip of the seedling prior to its appearance in the stem (plumule), 
it cannot be safely argued that the rout tip is indicated as the probable 
seat of synthesis. As a consequence of the occurrence of transloca- 
tion, it con be admUted only that, within the limits of sensitivity of 
the method employed for detection, the alkaloid in question can be 
observed to accumulate first in tlie root tip. ''I'he locus of syuthesis, 
if there is one, may with equal force of logic be* assiuned to exist in 
some other portion of the BC'cdling including, e.g., the stem tip. In- 
deed, since the apical meristems of root and stem are centers of the 
most intense immigration and assimilation of protoplasmic constitu- 
ents, a reasonable argument might be advanced fur the extraneous 
origin of the alkaloid concentration that appeared in this lin)othetical 
root tip. A second example is also useful in evaluating some of the 
earlier contributions to this field. In this case, it is assumed that 
synthesis m sUu is responsible for the development of comparatively 
high alkaloid concentrations locally. By relatively slow processes 
similar to diffusion it is then imagined that the alkaloid migrates to 
other portions of the plant body where its conrentration is always 
lower than that maintained at the point of origin by rontinued produc- 
tion, Obviously, an exactly opposite explanation may also be given 
by assuming that the alkaloid is removed from the scat of synthesis 
almost as fast as it is formed and translocated via the xylem or phloem 
to some tissue or organ which serves as a “sink.’' In any event, the 
usefulness of most of the available data on alkaloid distribution pat- 
terns in the plant body is greatly limited by the absence of figures for 
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the alkaloid oouteiit of roots and root systems. Ono excellent reason 
for this deficiency is the ^i^tual impossibUity of recovering the roots 
(d a plant tn toto from soil or from the medium upon which the plant 
was grown. The other reason stems from the preoccupation tradi- 
tionally exhibited by physiologists and biorhemists with the green 
plant leaf (see above). 

The above discussion is based upon the assumption that the chemi- 
cal methods utilized in the determination of alkaloid accumulation 
patterns are dependable. In actual practice, however, few of the 
methods used for tlie quantitative estimation of alkaloids in plant 
tissues possess a high degree of specificity. For instance, ^'nicotine” 
has been determined by precipitation with silicotungstic acid for 
many years; yet only recently has it become apparent that, in cer- 
tain rather import luit cases involving cigarette tobaccos, the principal 
alkaloid involved has been nornicotinc rather than nicotine (86), 
Such pitfalls indicate the necessity for poi'ullel and independent evi- 
dence of identity when one of the usual nonspecific titrimetric or 
gravimetric methods is used. Alkaloids have b(‘en detected qualita- 
tively and their relative concentrations estimated visually by the ap- 
plication of precipitating or staining reagents to thin sections of plant 
tissues under the microscope. Tire most popular and widely used 
reagent is a solution of iodine in potassium iodide (14,56,81). Not- 
withstanding the tact tliat this solution staiuB starch and proteins in 
addition to precipitating a variety of bases, distribution patterns re- 
portedly obtained with it.s use seem to agree in general with those de- 
termined by maci'uehemieal means. 

Finally, attention must be draun to a still more fertile source of 
error in the study of alkaloid distribution patterns. This is the tend- 
ency, deeply rooted in biochemical praetiee, of expressing analytical 
data in terms of eonci'iitration in per cent of alkaloid in frech or dry 
plant tissue. 'I'hus, if the percentage of alkaloid is greater in the 
yoimger leaves of a plant than it is in the older ones, for instance, tho 
ambiguous statement is made tliat the alkaloid “content” of the 
younger leaves is greater. Such conelusions pass into the literature 
and, removed from the original context where the exact meaning of 
the term “content” is no lunger clear, are cited repeatedly as provid- 
ing evidence for entirely eiToneuus deductions coneeming, e.ff., com- 
parative rates of alkaloid production or accumulation by young and 
old leaves. The fact is that the dry wei^t of plant tissues is deter- 
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mined almost solely by the rates of production of cell wall materials 
such as cellulose and lignin and oi protoplasmic protein. Fresh 
weight involves in addition a still more variable and erratic quantity 
representing the mass of water that happens to be present in the tis> 
sues at the time of sampling. Now, there is overwhelming evidence 
available in the literature to show that absolute rates of alkaloid pro- 
duction bear little if any direct mathematical relationship to rates of 
cellulose and lignin formation, to protein synthesis, or to water ab- 
sorption (64,93,140) ; nor is there any a priori reason for thinking that 
they should. Therefore, the pemstent use of “percentage of dry 
wei^t” as a basis for expression of analytical data in studies of alka- 
loid distribution can receive little or no justification outside of the 
possible indication of suitability of certain plant materials in the bulk 
for commercial processing. At the center of the problem of, alkaloid 
biogenesis at the present time is the need for careful and accurate meas- 
urements of the absolute rales of formation and accumulation of al- 
kaloids by the biological unit (i.e., the rout, stem, leaf, or plant as a 
whole) under a variety of experimental circumstances. This ap- 
proach involves not only u consideration of the concentration of the 
alkaloid in a particular organ or tissue but also the total mass of that 
organ or tissue. Under these conditions, the conclusionH referred to 
above in connection with alkaloid accumulation in leaves are very 
frequently reversed, and the alkaloid content of older leaves on an ab- 
solute basis may greatly exceed that of younger leaves. 

The use of absolute quantities m the investigation of production 
and accumulation patterns is not without pitfalls for the unwaiy, 
however. Where the experiment requires taking siiccetwive or serial 
samples of initially identical total alkaloid content, great care must be 
exercised to insure that these conditions are actually met. In most 
roses, unless the size of the sample is so great as to become unwieldy 
identical contents are almost impossible to obtain by random selec- 
tion. Likewise, difiieulties are to be encountered in comparing or- 
gans or tissues of different internal structure, age, size, or previous 
history; and those differenres must be emphasized and, if possible, 
evaluated quantitatively in the interpretation of the experimental 
data. Although it has not yet reached that phase of development 
alkakoid biochemistry must eventually come to grips with the prob- 
lem of the ultimate basu for comparisons among tissuPB that differ in 
such fundamental properties as cell size, number of ebromosomes, etc. 
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as oocur, for instanoe, ia hypertrophied m. nomal and tetraploid ««. 
diploid cell types. 

Cttltnre of Excised Oixans. One of the most useful tools in the 
study of alkaloid production and of biosynthesis in general is 
the culture in vitro of excised portions of the plant body free from 
the complirations introduced by attachment to other organs via the 
vascular system. Leaves, stems, and leafy shoots have long boen 
cultured for limited periods of time by immersing the cut ends in 
water or in aqueous solutions of various hypothetical intermediates 
in alkaloid synthesis (23,24,39,54,67,142). Under these conditions 
the tissues remain turgid for a few days, and presumably normal 
processes arc operative for at least a short time. Quickly, however, 
protein digestion and amino acid oxidation assume a dominant role 
(142), and the metabolism of the excised organ becomes essentially 
pathological. Within the jihort initial period of ''normal" metab- 
olism, it is sometimes possible to determine whether or not these 
organs are capable of synthesizing and of accumulating alkaloids 
under the exi)erimental conditions imposed. As is indicated above, 
however, it is frequently very diflScult or even almost impossible to 
dctK't factually significant changes in the alkaloid content of organs 
which, as a result of their attachment to the parent plant prior to 
excision, unavoidably contain appreciable and widely variable 
amounts of alkaloids at the beginning of the culture experiment. 

A closer approach to the real culture of the aerial portions of green 
plants imder sterile conditions in glass has been obtained by Loo (80). 
Although this method has not yet been applied to the problem of local- 
izing alkaloid synthetic mechanisms, there is every reason to believe 
that it sliould yield evidence of great value especially in those cases 
where small residual capacities for alkaloid synthesis on the part of 
leaves and stems arc claimed by some investigators. 

Excised roots have provided the most useful organ culture in studies 
of biosynthesis to the present time, lliese organs will in many cases 
grow rapidly and submit to repeated and indefinite subctilturing 
when supplied only with sugar, inorganic salts, and a few vitamins 
(107,146,147). They are obtained readily in a sterile condition by 
treating the seeds with sodium hypochlorite in dilute aqueous solu- 
tion or with alcoholic mercuric chloride prior to germination. Based 
upon the experience with these cultures to date it has been possible 
to demonstrate that the roots of some plant species not only produce 
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and aooumulato alkaloids in their tissues but also excrete them in still 
larger amounts to the external medium. It is assumed that this type 
of excretion represents merely an escape of the alkaloid from the cut 
basal end of the root in the absence of organic connection with the 
vascular system of a leafy shoot. Presumed intermediates in alkaloid 
synthesis can be added at any time under aseptic conditions, and pro- 
duction rates can be very easily determined either by drawing off 
aliquots of the culture fluid or by sacrificing replicated culture sets. 
Finally, in contrast witlr the usual water cultures of excised leaves re- 
ferred to above, the demonstration of alkaloid synthesis and accumu- 
lation is not made equivocal by major sampling difficulties or by deep- 
seated disturbances of tiss\ie metabolism. Indeed, the only other 
type of culture that can be compared with excised roots in their po- 
tential utility for studies of alkaloid formation is that of excised stem 
tips as described by Loo (80). 

The principal limitations to the use of excised root tip cultures arc 
the facts tlmt (I) “normal’' growth has not been achieved in the sense 
that, under the conditions of culture, growth in diameter due to lateral 
cambium activity does not occur and {S) no one has yet successfully 
grown through an indefinite senes of subcultures the roots of amono- 
cotyledonous plant. Such limitat ions do not seem to be Beriuu.s in the 
present connection. 

Transplantations (Grafts). The problem of identification of 
synthetic loci has been greatly simplified in the case of certain alka- 
loids by the interchange of root and shoot systems between one 
species of plant which produces a given alkaloid and another species 
which does not. The great advantage of this procedure is that it 
allows for visibly normal development of the organ under study, 
free from the complication of alkaloid inunigration from other parts 
of the plant body. The appearance anywhere in the grafted plant 
of an alkaloid characteristic of the species tmder study constitutes 
excellent evidence for the synthetic capabilities of that species, sineo 
it may bo shown that the presence of the alkaloid in the normally 
alkaloid-free member of the graft combination is a simple consequence 
of translocation. The practicality of grafts as experimental material 
is made possible by the ready formation of woimd tissue and the es- 
tablishment of vascular connections between stock and scion (t.e., 
root and shoot components, respectively) in those cases where the 
phylogenetic relationships between the two species or genera involved 
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are not too distant. Indeed, the stimulus for the earliest investiga- 
tions of alkaloid distribution between stoi^ and scion in grafted plants 
was the question, soriously debated in those days, wb^her organic 
substances could frody pass across a graft union involving different 
species or genera (i.e., so-called heteroplastic grafts). 

In practice, the development of a normally alkaloid-containing 
shoot on a nonaUmloid-producing root may result in either of two 
eventualities. In one, the scion fails to accumulate alkaloids and 
therefore becomes essentially alkaloid free as it grows. It may be as- 
stuned that the leaf and stem of the scion species do not carry out 
total alkaloid syntheses in the intact plant. If, on the other hand, the 
scion does contain alkaloids, then it may likewise be assumed that the 
stems and/or the leaves of the species under examination normally 
produce the same alkaloids. In like manner, if normally nonalkaloid- 
containing scions ore grafted to the roots of an alkaloid-producing 
species, two possibilities again emerge. If the scions do not contain 
alkaloids and if the roots are also free of them, it seems probable that 
the stock species does not normallyproduce alkaloids by total synlhesis 
in the roots. Conversely, if the stocks and/or the scions do contain 
alkaloidsit can be assumed that these alkaloids arise in the root species 
and have appeared in the scions as a result of translocation. 

Although the intei-pretation of results obtained with grafted plants 
is usually straightforw'ord, there are cases known in which the ac- 
cumulation of alkaloid in the nonually alkaloid-free component is as- 
sociated with some secondary modification such as the removal of a 
methyl group or the probable hydrolysis of on ester linkage (see be- 
low). Otherwise, there arc no fully convincing instances known to 
the author which require for their interpretation the acriuiremcnt of 
new synthetic powers (71,83,119-123) or the loss of old ones (7,54,71, 
83,119-123) under the influence of the changed environmental condi- 
tions produced by grafting. The first of these views is LaMarekian 
in the extreme and, in spite of adroit defense by its proponents, has 
not yet received even reasonably well-documented support. An ex- 
cellent example of one such claim and the faulty experimental stnie- 
turc upon which it wras based is presented in a later section (onabasine, 
see page 229). 

A loss of synthetic power imder the influence of an extraspecific 
graft component would seem to lie more within the realm of possi- 
bihty, since it is, at first thought, conceivable that a necessary factor 
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far enmrme Bctiyity may not be provided by this oomponeni, or that 
an enzyme inactivation might occur under the influence of some sub- 
stance or substances obtained from the graft partner. Such (u^lana- 
tions for the failure of graft leaves, for instance, to accumulate alka- 
loids have not received direct experimental confirmation, and their 
probability of correctness is greatly reduced by a number of considera- 
tions, First, since the protoplasm of the cells of the higher plant is 
made from simple raw materials brought up from the root plus sugar 
from the leaf, it is difficult to imagine how such an integral part of 
the protoplasm of a cell as an enzyme necessary for alkaloid synthesis 
could be lost permanently by virtue of leaf growth and development 
in connection with the root of a foreign species. If one enzyme or 
protein is altered or lost altogether under such eircumstances, one 
would expect that more such instances would occur and that real 
mutations could be obtained by grafting alone. There is no evidence 
that the latter possibility is tiue, and there is, indeed, ample endenee 
in the case of the tobacco plant (unpublished data) that the fiiilure 
of graft leaves to accumulate nicotine is due to something other than 
the permanent loss or inactivation of an enzyme system due to graft- 
ing (i.e., seeds that arc produced in association vdth such alkaloid- 
free leaves germinate to yield offspring that contain normal amounts 
of nicotine). In the same connection it may be noted that normally 
nonalkaloid-containing leafy shoots, which contain lai'ge amounts of 
nicotine as a result of liaving been grafted to tobacco roots, also pro- 
duce seeds that reproduce the original scion type absolutely 
tomato seedlings free from tobacco alkaloids). Secondly, it has been 
possible to obtain alkaloid-free leaves and stems by grafting scions 
of the same species of alkaloid-contoinmg plant upon a variety of root- 
stocks representing several different species and even genera. It 
seems improbable that these different rootstocks would be capable of 
exerting some common and specific inhil]itury action upon one and 
only one enzyme system in the leaves. 

Definitive evidence fur the possibility of loss or inactivation of a 
synthetic mechanism under the influence of grafting can at the pres- 
ent time be secured only by the use of cultures of excised root tips, 
stem tips, or leaf primordia. In those instances in which such com- 
parisons have been made (27-26) the results of culture experiments 
have coincided exactly with the results of grafting. 

There remains the possibility that roots or tiioots which fail to ac- 
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Lumulate alkaloids in culture or iu the grafted condition may still bo 
able to cany out to a very limited rxtont the fins! stops in alkaloid 
synthesis if provided nith suitable intermediateR by their own com- 
plomentary organs or by the experimenter. Tliis ])roblem is of some 
importance from the point of view of completing the picture of alka- 
loid production by the intact plant, but its immediate resolution is of 
no great urgency in connection with tlic principal problems of al- 
kaloid biosynthesiH. On the other hand, it has been pointed out 
that the accumulation of an alkaloid in the normally alkaltnd-free 
component of a graft combination may be a result of the ability of 
this component to ashcmble the final alkaloid molecule from its im- 
mediate precursors. A^^ilc there are theoretical objections to a view 
which would pc'rmit such activity on the part of plant tisRucs that do 
not contain the enzyme complement necessary for total synthcflis of 
the alkaloid, experimentally it is possible to test the view by examining 
the exudate that bleeds from the xylem and phloem of properly ex- 
cised stems of alkaloid-producing species. In all cases to date, the 
alkaloid lias been i.soluted or at least qualitatively identified in such 
exudates in the complete state of assc'mbly. 

B. ALKAIX)1US PUODIJ(’EI) IN HOOTS 

Nicotine. Early iuvnsligations of the distribution of nicotine 
among the different organs of the tobacco plant {Nkotiana tdbaeum 
L.) at various stages of growth and under a wide variety of experi- 
mental conditions clearly demonstrated the need for an inquiry to 
determine whether or not nicotine synthesis is localized within the 
plant body. Some of the facts pointing in this direction are; 
(1) the lack of an obvious relationship between the growth rate of 
stem and leaves and the rate of nirotine arcumulation in these or- 
gans (84,93,140); (S) the absence uf a consistent relationship be- 
tween the nitrogen metabolism of the tobacco leaf and its nicotine 
content (2.5,93,140,142) ; (9) the smooth and uninterrupted accumu- 
lation of nicotine in the leaves during the growth of the tobacco plant 
and the sudden stabilization of nicotine content when the leaf is re- 
moved from the piiint and either cultured for several days in various 
solutions or placed in the curing shed (32,93,142) ; (4) the renewal of 
nicotine storage in excised tobacco leaves w’hen these leaves have been 
induced to form roots at the petiolar ends (26) ; (ff) the preferential 
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accumulation of mcot.mo in the structurally leaflike cortex of the green 
tobacco stem (stalk) with its loosely arranged cells and stomatal ap- 
paratus and in those' areas of the individual tobacco leaf (the tips and 
margins) in which transpiration might be ejipected to occur with 
git'atest intensity (1,2()); and (fi) the failim: of those experimental 
variables that most directly atfeet the aerial parts of the tobacco plant 
to alter appi'eeiably the rate of nicotine accumulation in the leaves 
(37,93). In addition, the author has detected an inverse correlation 
between the dry weight and nicotine concentration of the stems and 
leaves of the same variety of tobacco when grown in consecutive 
crops throughout the year in a greenhouse under tho influence of 
seasonal changes in light, temperature, etc. (unpublished data). 

ITie first attempts to demonstrate localized synthesis of nicotine in 
the tobacco plant were cinrieil out by Mp3'^er and Schmidt (88,89). 
Tobacco scions were grafted to rootstocks such as a low-nicotine- 
contaiiiing species of NicMliam and to potato. The data clearly 
show that nicotine all but disappeared from the tobacco scions, but 
the (plant itativc value of the analytical figures is greatly reduced by 
the fact that the latter w’cre obtained by a relatively insensitive 
method of analysis (titration) which did not differentiate bctw'een nic- 
otine and small amounts of ammonia and other volatile buses, llie 
same may be said of the re.sul(8 of a studj'’ of some recipro(!al grafts 
between the low-nieotine Nicottana affimh and N. iahacum by CJrafe 
and Linsbauer (40), for here again, following an ('ther-alcohol- 
potassium hydroxide extraction of the dried tissues, nicotine and ac- 
companying bases were distilled with steam and titrated with 0.1 N 
acid to an end point with rosolic acid indicut or. In each of the w'orks 
cited the investigators assumed tacitly thst nicotine is formed in the 
leaves of the tobacim plant and is then moved downwaid gradually 
into stem and root. Hence, their primary concern was with the ap- 
parent alkaloid content of the lowermost organs of their grafted plants, 
and the significance of the failure of nicotine to accumulate in normal 
amounts in the leaves of the tobacco scions eluded them altogether. 
Javillier (59,60), employing the gravimetrie silicotungstic acid method 
Rfid steam distillation, was unable to dc'tect nicotine in the tubers of 
potato plants to which tobacco scions had been grafted and thus indi- 
cated that the downward migration of nicotine from tobacco leaves 
to potato roots claimed by Meyer and Schmidt on the basis of unsatis- 
factory methods of analysis did not actually occur. It is most unfor- 
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tunate that Javillier did not pve greater attention to the tobacco 
leaves of this graft combination. 

In 1936 Nath reported the results of experiments in finliR (66) in 
whicb it was found that tomato sduns grafted to tobacco stocks ulti- 
mately contained 1.27% nicutini*, while the reciprocal type of graft 
combination yielded only about 0.35% nicotine in the tobacco scion 
and none in the tomato stocks. The same variety of tobacco in the 
nongrafted state contained 3.36% nicotine. Hasegava (42) per- 
formed similar experiments in Japan and arrived at essentially the 
same results. The latter author pointed out that confirmation of his 
results would result in a revei'sal of the conventional point of view 
regarding nicotine in the physiology of the tobacco plant inasmuch as 
the alkaloid must now be regarded as an actively translocated form of 
nitrogen. Hasegawa was apparently the only one of the earlier 
workers to suspect the retd meaning of the results of these grafting ex- 
periments. It is quite clear that he regarded nicotine translocation 
iu the tobacco plant to be unidirectional and ucropetal in natim*. 
Bemardini (7) reported confirmatory results from Italy and empha- 
sized that he had obtained an essentially nicotme-free tobacco by 
grafting commercial varieties to tomato rootstocks. 

The Russian school under the influence of Kostoff and Shmuck 
(70,71,119-123) imdertook an extensive study of alkaloid occurrence 
and distribution in grafts invohing not only commercial varieties of 
smoking tobacco but also the insecticidally important Nicotiana glauca 
which is characterized by the predominance of an alkaloid anabasine, 
an isomer of nicotine. When scions of N. Idbacum and N. rustica 
were grafted to rootstocks of nightshade {Solanum nigrum), Jimson 
weed {Datura stramonium), and to tomato (Lycopersicon esevientum), 
nicotine could not be detected in any of the scion ports. When the 
reverse grafts were prepared, nicotine was found in all scions regard- 
less of the species represented (123). These results were interpreted 
to mean that Solanum, Datura, and tomato leaves, respectively, ac- 
quired the ability to synthesize nicotine imder the infiuence of the 
tobacco root. It need be remarked here only tliat such on interpreta- 
tion of the results of grafting experiments cannot now be accepted for 
the reasons outlined earlier. The results obtained with reciprocal 
grafts of N. glauca and N. idbacum are complicated and are discussed 
in a succeeding section. 

A series of experiments of similar nature was performed in the 
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author’s laboratoiy in the University of Missoiiii. Tomato was used 
as the nonalkaloid component of the graft combinations. Actually, 
tomato docs contain an alkaloid, solanine, which is the same as that 
found in the potato. The chemical and physical properties of sola* 
nine are such, however, that little or no interference is to be expected 
with either the Bynthesis or the analytical determination of nicotine 
provided the latter is removed from the tissues by a preliminary steam 
distillation. Tomato scions grafted to Turkish tobacco rootstocks 
accumulated nicotine as they grew in much the same manner as nor- 
mal tobacco plants (26,27). That is, not only was total accumula- 
tion by the scion a smoothly continuing process but also the distribu- 
tion of the alkaloid between the various parts of the aerial shoot re- 
sembled that in the intact tobacco plant (Table I). Even the to- 
mato fruits contained small amounts of nicotine isolated and identi- 
fied as the crystalline dipicrate. It has been remarked earlier that 
tomato plants grown from the seed of nicotine-containing tomato 
fruits were themselves nicotine free (unpublished data). The only 
visible evidence in grafted plants of an influence of stock on scion 
was the progressive killing of the lowermost and oldest tomato leaves 
as their nicotine content rose to relatively high values. 


TABLR I 

AocuudiiAtion of Nico’nNB in Tov\to Scions Gbafted on Tobacco Stocks 
AND IN Tobacco Scions Grafted on Tomato Stocks (27) 


Typa of eoion 


NiODtine m millisniiiu per srion (mean trf four bcidiib) 
Number of days aflpr prepanng prafte 



Q 

31 

68 

84 

Tomato 

0 

55 

258 

571 

Tomato 

0 

38 

135 

501 

Tobacco 

1.3 

2.6 

4.1 

2.5 


In the same experiments, tobacco sdons grafted to tomato root- 
stocks contained nicotine only in the lowermost leaves (which had 
been present in juvenile form in the original tobacco scion) and then 
only in amounts of an order of magnitude comparable with those of 
the scions used at the time of grafting. It is obvious that, the nico- 
tine present in these young leaves at the time of grafting merely re- 
mained there unaltered and could be recovered from the same leaves 
at the end of the growth period. The leaves in the center of the 
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tobacco atem or atalk contained no nicotine whateoever by the aiUco- 
tongatic acid turbidity test. The uppermost leaves and stems to- 
gether irith the inflorescence centred a base or mixture of bases 
which gave oily picrates that refused to crystallize und therefore prob- 
ably did not contain nicotine. Incidentally, since these bases could 
be precipitated with silicotungstic acid and since they were high 
boiling, they would automaticalljr be detemiiiiod as nicotine in any 
of the current procedures for the quantitative estimation of this alka- 
loid. It is therefore again emphasized that questions involving the 
presence or absence of nicotine itrolf in graft combinations must ho 
answered by the direct isolation of the alkaloid in addition to the use 
of indirect methods of analysis. 

It is interesting to note that tobacco leaves from plants grown on 
tomato roots very closi'ly resemble the leaves of intact plants in ex- 
ternal appearance. Yet they are highly susceptible to attack by 
aphids and other sucking and leaf-chewing insects. Again, although 
there is little reason to susiK'rt that they might do so, plants grown 
from the seed produced by nicotine-free tobar(‘o scions contain nico- 
tine in nonnal amounts (unpublished data). It may be noted also 
that the above results obtained with tomato os the graft partner have 
been substantiated wholly or in part by the use of Datura, eggplant, 
and petunia in reciprocal grafts with tobacco. Since the above results 
point unanimously to the conclusion that nicotine rmginates solely 
in the root of the tobacco plant and is translocated from there up- 
ward to accumulate in stem and leaves, a iiumlxsr of ancillary exiieri- 
nionts have l>cen perfonned to test this hypothesis. 

First, if nicotine were actually synthesized only in the root and 
then translocated via the xylem to the shoot, the tips of tobacco stems 
inserted laterally into tomato stems as uieotiiie donors should induce 
an assymetrical accumulation of alkaloid in the leaves of the tomato 
"acceptor” that lie above the graft union, lliis assumption proved 
to 1)6 correct, for in one case 84% of the total amount of nicotine to 
appear in the tomato acceptors was found in the 29 leaves which were 
located in the sector of the stem immediately above the point of in- 
sertion of tlie tobacco donor. The remaining 1G% of the alkaloid 
was distributed among the other 70 leaves from all other sectors of the 
tomato stems (27). Secondly, if nicotine is actually preformed in 
the root and translocated as such to stem and leaf, it should be pos- 
sible to detect the alkaloid in the transpiration stream during passage 
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of the latter throuKh the vascular tissues of the tobacco stem. Such 
is indeed the case, for nicotine was isolated as the dipirrate from the 
liquid which bleeds from the cut surfaces of the vascular tissues of the 
severed tobacco stems (26). 

Final proof for the localization of the nicotine synthetic mechanism 
was eventually obtained by the isolation of nicotine dipicrate from the 
tissues and spent culture fluids of excised tobacco roots in sterile 
culture on a medium of inorKonir sails, sucrose, and yeast extract 
(27). Some of the data are recorded in Table 11. P'or the first time, 
therefore, the investigator of alkaloid biosynthesis has 1>een provided 
with on experimental object possessing known synthetic capabilities 
and readily subuiittiug to indefinite culture imdcr sterile conditions. 


TABLK l[ 

NicnriNB Production by IUxoisbd Tobacco Hoots in Stbrile Cui.TimB (27) 


Ppnod of oulture, dayn 

Appiuxitiiatp nipotino produrUon, ng. 

Ppr niltui B 

Per 100 tig diy roota 

35 

62 

- 

41 

73 

— 

52 

31 

1 

55 

130 

2 

73 

124 

1 2 

78 

155 

— 

120 

291 

2 

103 

827 

2 5 


The questiou whether leaves and .stems contribute to the total nico- 
tine output of the plant as a whole is answered in the negative by the 
following facts: (I) grafted leaves in the experience of the author 
have never shown a nicotine content greater than could be accounted 
for on the basis of carry-over from the original scion; (2) when to- 
bacco leaves are removed from bitact plants and cultured in water or 
cured, their normal rate of nicotine accumulation is invariably inter- 
rupted, and on actual loss of about it)' o of the amount originally 
present may occur (03,142); and (3) the vigorous succulent shoots 
that develop from lateral buds on excised and defoliated tobacco 
stalks that have been held in a moist chamber contain no detectable 
quantities of nicotine or other alkaloids (27). Chaze’s extensive 
histochemical studies of the early appearance of nicotine in the ex- 
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panding vaciiolea of youitg cells throughout the aerial shoot must be 
interpreted os indicating aeeurnulation rather than in situ syntheeds 
for reasons already discussed (10-14). 

'P'inally, therefore, tho prooess of nicotine formation and accumula- 
tion within the tobacco plant may be characterized as follows: (f) 
nicotine is synthesized solely in the tobacco root and not at all in leaf 
or stem; (2) the great bulk of the newly formed nicotine is trans- 
ported via the xylem upward to stem and leaf where it accumulates 
during the life of the plant; and (3) leaves as accumulators, in con- 
trast to roots as producers, quickly acquire a substantially higher and 
continually increasing content of nicotine. A rational G(xplanation is 
thus provided for the fact that the sites of gieatost alkaloid accumula- 
tion in the plant body are not necessarily identical with the sites of 
most intense alkaloid synthesis. 

One of the striking facts relating nicotine formation in Nicotiana 
tabacum and in N. ruatica (45,123) to the production of the same alka- 
loid m other species and even genera is the apparently universal re- 
striction of the synthetic mechanism to root organs. The wild 
specie's N. glauca and N. ghiiinom have been shown to produce nico- 
tine only in their root systems (21), 30). ijikewise, the remarkable 
Australian tree, Dultoisia tnyopornides, has been shown to donate nico- 
tine to tobacco scions grafted upon its roots (40). Great interest 
should attend any effort to identify the locus of nicotine formation in 
such other wiilely unrelated species as milkweed (Asdepias), the 
scouring rushes (hJfpuitrtum), and the club masses [Lycopodium), all of 
wliich have been reported to contain nicotine (85). 

The salient feattues of the above outline of experimental evidence 
have been confirmed independently by the work of Hieke (45), 
Mollies and Hieke (94), Pal and Nath (07), and Neagu (96). 

Anabasine. This alkaloid is a structural isomer of nicotine and 
has been isolated from Kentucky tobacco by Spath and Kesztler 
(128). It apparently occurs in most cultivated tobaccos in ex- 
tremely minute amounts if al all. It occurs in appreciable concen- 
trations, however, in the wild Nicotiana plaura and in the Russian 
weed Anabasis nphi/Ua (43). Anabasine occurs in all ports of the 
plant body of N. glauca but in concentrations that are notably lower 
thftn is usually the case for nicotine in N. tabacum. The latter situa- 
tion may be a consequence of the fact that the vegetative tissues of 
N. glauca are diploid in nature while those of JV. Utbacam are tetra- 
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ploid (29,32.71,125,126). Shmuck and associates have studied the 
accumulation of anahasine in reciprocal grafts of N. glouea with to> 
mato. In contrast with the results earlier obtained with nicotine, 
onabasine apjKiared in JV. glavca scions grafted to tomato roots as 
well as in tomato scions grafted to N. glauca roots (123). This find- 
ing was confirmed in the author’s laboratory (28,29), and the addi- 
tional information was obtained that , although anabasinc was appar- 
ently synthesized in the N. ghuca scions in normal amounts, none of 
the alkaloid was translocated downward to the tomato stock, which 
as a consequence remained olkalcnd free. Shuiuck interpreted his 
data to mean that the tomato scions acquired the property of anar 
basine syntlicsis as a result of their development upon N. glauca 
slocks. For reasons outlined earlier, it is more likely that anabasine 
is synthesized in both root and shoot of the intact plant and that the 
anabasine content of the shoot is derived in port from translocation 
from root and in part from synthesis in sitv. Tlie ability of roots to 
synthesize the alkaloid has been confirmed by the isolation of unaba- 
sine dipicratc from the tissues and spent culture fluids of excised 
roots of N. glauca that had been grown in sterile culture (28). 

Similar results have been obtained by employing reciprocal grafts 
between tomato and the hybrid AT. fahocum X N. glauca (29). It 
thus seems clear that the ca])acity for anabasine synthesis can be in- 
herited by both root and shoot even though only one third of the 
chromosomes present in the cells of these organs are obtained from 
the glavca parent. The quantities of anabasine actually produced, 
however, ore still smaller than those found in the parent 6i)ocies. 

Hyoscyamine. ITyo.ocyamine and its racemic form atropine oc- 
cur in a number of species of Datura, Ifyoscyamus, Scopolia, Airopa, 
and Duboisia (43). The last named is of considerable interest, for at 
least two species, myoporoid< s and kopwoodii, contain nicotine and 
prolmbly nornicotine in addition to hyoscyamine and hyoscine. I'he 
phylogi'nctic significance of this observation (46-49) is not clear: a 
biochemical common denominator lietween the pyridine and tropane 
alkaloids, while oflering intriguing possibilities for speculation, re- 
niaiub to Ik? established. 

Jlibtoiirally, (he possibility of loralized synthcbis of Uie tropane alkaloids has 
long been tacitly assumed. The catly eNperiments of Ijauront (77), Daniel 
(19-21), titrasburger (132), and Liiidomuth (70) were principally roncerned with 
liuitlesB attempts to provi‘ that mydriatic alkaloids, supposedly synthesised in the 
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loaveR ur Airapaf Datyra, etc., oould bo tranBlocated across a graft union to ao- 
eumulate in the tissues of a nonalkaloid-producing rootstock such as potato or 
tomato. Ill 1041 Krajevoj and Nechaev (72) used human subjocts and the eleo- 
trocardiograph to demonstrate the presence of atropine (hyoscyamine) in tomato 
fruits that had grown on Datura rootstocks. Kerkis and IMgulovskaya (65) de- 
lected atropine in tomato scions on Datura. Hicke (45) grew various graft com'* 
biuatiuns of tomato with Atrapa and Datura and came to the conclusion that 
mydriatically active alkaloids appear only when cither Airopa or Datura serves as 
the root system in graft agi* and tliat the alkaloid is not confined to the tissues in 
which it is produced but can l)o transported across graft unions to accumulate in 
the tissues of the nonalkaloid-producing species. This view has been confirmed 
partially with resf)oci to Airopa by Cromwell (18) and with resjiect to Datura hy 
Peacock, Leyerlc, and Dawson (!)U). The latter iiivestigaiion relied upon direct 
isolation of crystalline liyoseyainino and preparntiou of derivatives in order to 
demonstrate alkaloid accumulation in Lumato scions graftod to Datura and its 
complete absence in Datura scions grafted to tomato. These authors interpreted 
th<4r data to moan that hyoscyaiidne is produoi^d only in the root of Datura and 
probably also of Airopa. The possibility of transport of inleriuodiales from root 
to leaf followed by final cuinbinatioii in the leaf was elihiinalod by the facts that 
the sap which bJiid from the* siirfac^K of excised Datura stenis gave a positivo Vitali 
reaction and a strong mydriatic test. Both ITieke (45) and the latter authors ob- 
tained mydriatically active exlracts from tobacco leaves grafted to Datura and 
Airopa. likewise, mydriatically active extracls were prepared from the apant 
culture fiuids of excisc'd Datura roots in sjurile euilure (!H)). James (54) has pro- 
vided data which ran bo used (o support tiie abovi* li^imthcsis of root localization 
of liyoHcyaminc synthesis. Airopa bcioiis were graftod to tomato rootstocks and 
the alkalniil-fnH) Airopa leaves I hat subsequently developed were employed in 
culture ex{H'rimeuts. llyuseyajuine accuuiulalion in thoso leaves under a variety 
of cniiditioiis could nob denionslialeil. Lowmnn and Kelly (82a) demon- 
strated ai)pn*ciable areuinulation of hynscyamine in the leaves and fruits of 
tomato scions grown on Dafurn rootstocks. As much as 13.00 mg. of alkaloid 
were found in a pound of fresh fruit. Such factors as variety of tomato, cultural 
conditions, and stage of maturity were involved in the concentration of alkaloid 
found in any given ham]>le. The n^sidts arc consistent wiih the view that hyoscy- 
amiiic is produced in the i-tjot sysU'm of Datura. 

Jaini’s has, however, attemptt^d to show that the failure of graft leaves to ac- 
rumulatc alkaloids is a cons(*quenc(‘ of an actual loss of hyoscyamino syntlictic 
capacity as a result of grafting (54,57). Acrording to this view intact leaves of 4 . 
Mladonna possess some small but real ability to synthesize hyuscyamine, and the 
total alkaloid content of the aerial parts of the plant is therefore to be ascribed 
partly to synthesis in leaves. Two lines of evidence arc advanced in favor of this 
intorprctatiuii. Delachc^d leaves of intact plants of Airopa were cultured in 
Implicate tiatches on solulioiis containing ammonium sulfate or ai'giniiio. Sub- 
sequent assays by a modified Vitali-Moriii colorimetric reaction (55) indicated 
amounts of total alkaloids signiAcaiitly greater statistically in thesu batches as 
compared with those nuxuviug only water. Secondly, differences in the intensity 
of histocheinical precipitation reactions with Bouchardat's alkaloid reagent (io- 
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dine diaeelvpd in pgtaaeiuni iodide solution) were obtained between the apioal 
xueristenaa of root and stem in germinating seedlings of Atropa and also ui Daiwa. 

Tho difficulty of securing initially uniform replirale batrlies of leaves with 
reqject to weight and alkaloid conl.mt for use iu eulturo experiments has already 
been emphasiaed. It need only Is* added that in surh cases analysis of varianuo 
and realisation of statistical odds do not guarantee coirect identification of the 
source of varianci', or, iu cases involving such slight increases and so many un- 
identified variables, factual siguificanct^ based upon statistical theory. Ttie 
applicability of histochemical observations to questions involving synthetic loci 
has also been discussed earlier and needs no further comment Iumv. No entirely 
convincing evidence has been adduced to support the contention that graft leaves 
have lost the ability to synthesize hyoscyamine. In view of preooding considera- 
tions their failure to synthmzu the alkaloid greatly decreabcs the probability of 
such synthesis in leaves of intact plants. 

Hyoscine. Kocontly, Hills, Trautner, and !Rodwell (47) have 
presented extremely interesting evidence regarding the origin of 
hyoscine. In their preliminary experiments tomato seions were 
grafted to defoliated stocks of Duhoista myoporoideK. Although 
these two species are members of the same family ((S’ofrtnoff’Ur) one is 
a herbaceous vine under the usual condilions of eiiltivalion, and Ihe 
other is a rajiidly growing tree. After several weeks of grow'lh upon 
Duboinia rootstocks, however, the tomato seions contained 1% of 
alkaloids on a dry weight basis. Ilyoseiue was obtained from the 
scion material as the crystalline picrate in good yield. 'ITie reciprocal 
graft combination could not be obtained. Tt was henre impo.ssiblc 
to discover w'hether hyohciiie is also synthesized in the stems and 
leaves of Duboisia. In view of the relatively high concentration of 
the alkaloid in the tissues of the tomato scions, how'ever, it would ap- 
pear that most of the hyoscine is produced in the Duboiaia root and 
transported to the stems and leaves of the growing tree. This evi- 
dence woidd seem to place hyoscine in the same category as hyoscy- 
gniino and nieotine, that is, repretseutiiig essculially a product of root 
metabolic activity. 

Lupine Alkaloids. Moshkov and Smirnova (92,124) have stud- 
ied the areumulation of olkaloid.s iu reciprocal grafts of sweet lupines 
with the bitter variety and with peas. Sweet lupines increased 
their alkaloid content when grown upon bitter lupine rootstocks, 
and the latter acquired a slightly lower content when grafted to the 
former. Notable is the fact that pea scions grafted to lupine root- 
stocks contained appreciable amounts of the alkaloids. The intact 
pea plants contained none. This may mean that the biogenesis of 
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the lupiiune alkaloids is bIao b fiuieiion of root metabolism. Future 
developments will be. awaited with interest. 

C. ALKALOIDS PRODUCED IN LEAVES 

Anabasine. The evidence has been discussed in a previous sec- 
tion for the view that this alkaloid is produced in shoots as well as in 
roots. While it seems probable that excised leaves of Nicotiana 
glauca should be found to synthesize anabasine during culture in 
water, existing reports of such synthesis must be discounted until 
definitive evidence is available (26). Burh leaves represent, never- 
theless, potentially valuable experimental objects for the investiga- 
tor of bioBynthesis. When methods have been developed for 
measuring rates of anabasine synthesis in these leaves free from the 
complications of translocation, their use may become more valuable 
experimentally than the use of sterile cultures of excised N. gUmca 
roots. It may be noted, in anticipation of a later section, that the 
most valuable leaves for this purpose will be obtained from N. 
gla-uea scions grown on nonalkaloid rootstocks such as tomato, 
since these loaves will contain only anabasine and not nicotine and/- 
or nornicotinc as do the leaves of intact glauca plants. Alkaloid 
production in the leaves of N. glauca is of interest from another 
point of view. It follows from the fact of its occurrence that the 
synthesis of alkaloids is not an inherently unique property of root 
tissues. 

Nomicotine. Nornicotinc is a major alkaloid in certain wild 
species of Nicotiana and in certain of the milder flue-cured tobaccos 
of the southern United States (37). The mechanism of its produc- 
tion in the, plant is of interest in view of the apparent fact that as 
selection for progressively lower nicotine content in these tobaccos 
has been accomplished the content of nomicotine has increased ac- 
cordingly. This would imply some type of substitution of one 
alkaloid fur the other in the synthetic process. Grafting experi- 
ments revealed the unexpected fact that tomato scions grown on 
Nicotiana ghtinosa rootstocks contained not nomicotine but nicotine 
alone. N. glutinosa scions from tomato rootstocks were essentially 
alkaloid free (29). In view of the fact that the shoots of N. glutinooa 
nomially contain a mixture of nomicotine and nicotine, principally 
the former, it would seem that nomicotine arises by a secondary 
modification of preformed nicotine and further that this modification 
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occurs only in the shoot at the expense of nicotine broui^t up from 
the root. Thus, nomiootine in contrast to anabasine is primarily a 
product of leaf metabolism and completes the trio of possibilities, (i) 
synthesis only in root, (g) synthesis only in shoot, and (3) Efynthesis 
in both rout and shoot. 

The utility of grafted materials for alkaloid research reaches a new 
high level in the case of nomicotine. Theoretically, it would seem 
that, if nicotine is converted to nomicotine only in the shoot, it should 
bo possible, by culturing excised riioots of plants previouriy grafted 
to a nonalkaloid rootstock, to obtain an all-or-none response to various 
experimental treatments. This has been accomplished in the case of 
Nicotiana ghitinosa. Scions were grafted to and grown upon tomato 
stocks, 'rhe resulting alkaloid-free twigs were excised and cultured 
in solutions of nicotine salts. Toward the end of Uie culture period 
when proteolysis was evidently occurring at a rapid rate (141), nico- 
tine was converter! to nomicotine at an average rate of 0.10 gram per 
100 grams dry twig weight per day (impublished data). If such re- 
sults are confirmed by direct isolation of the reaction product, little 
doubt can obscure the drawing of conclusions, since it is not necessary 
to take into account the wide variations in twig alkaloid content that 
occur at the outset of experiments employing nongrafted material. 

A similar picture of nrjmicotine production has been obtained in the 
cose of Nicotiana glavca (29). Certain strains of this species when 
grafted to tomato stocks contain no nomicotine, wliereos in the intact 
plant an appreciable amount of the alkaloid may occur. When 
tomato nr tobacco scions are grafted to rootstocks of N, gtauca 
strains, however, nomicotine is replaced by nicotine (29,30). If N. 
glavca scions are grafted to rootstocks possessing a much higher nico- 
tino-produemg potential than glauca roots {e.g., N. tabacum) the 
nomicotine content of the scions may very considerably exceed the 
normal levels of concentration. 

Unfortunately, uomicotiiie and anabasine are difficult to identify 
and to determine quantitatively in mixtures, lliey both distill 
slowly with steam, precipitate with silicotungstic acid, and form 
ciystoUine picrates. Since they are secondary amines in contrast to 
nicotine they are converted into relatively nonvolatile i\r-nitro8o 
derivatives with nitrous acid and into acetylated derivatives with 
acetic anhydride or acetyl chloride. Furthermore, identification of 
the picric acid salts is greatly complicated by the ready formation 



ALKALOm BIOOSNIMIB 


oi dutectics and eutectic mixtures, the physical properties of which 
{e.g., melting point and solubility in water) vary extensively aocord- 
ing to the conditions under which crystaHisatiun occurs (29). For 
instance, as may be seen from Table 111 the presence of nomicotme 
up to the extent of 30% in a mixture of this alkaloid with anabasine 
will depress the melting point of anabasine picrate only five or six de* 
grees Centigrade. Several instances are recorded in the literature 
where melting points tliat are low by this order of magnitude have 
been advanced as evidence in support of the occurrence of anabaedne 
alone (126). 

TABLE III 

EmscT OF Various Proportions of Nornicoiink on Mcuxno Point 
OF Anabasine Dipicrate (29) 


Nomicotine pio- 
Mcltinf! pfc. (a])- 

prox.), "C 192 190 188 189 191 192 196 201 205 211 218 

As a consequence of these difiicultie.s, there have appeared, espe- 
cially in the Russian literature (35,36,71,75,119-123,126,134,151) a 
large number of investigations which purport to show that the ability 
of Nicotiana glanca to synthesize anabasine is not only quantitatively 
increased by grafting with N. talmcum but also predominates over the 
nicotine-foimiug capacities of the tobacco stocks and scions to the 
virtual exclusion of nicotine accumulation in such graft combina- 
tions. It was held, for instance, that the absence of nicotine in to- 
bacco scions grown upon N. glavca rootstocks is a result of actual 
suppression of nicotine-sjntbctic capacities of tobacco leaves under 
the specific influence of the stock. Conversely, the exaggerated ana- 
basinc content of N, glaura scions on tobacco roots ivas considered to 
indicate the complete dominance of anabasine over nicotine synthesis 
plus on intensifying action of the normally high-alkaloid-containing 
tobacco rootstock on the actual rates of anabasine synthesis in N, 
glavca scions. The genetic improbabilities surrounding such an inter- 
pretation have been outlined earlier. SuflSce it to say that quantita- 
tive analyses of such graft combinations for nomicotine in addition 
to annWinp and nicotine would undoubtedly have revealed the true 
nature of alkaloid accumulation patterns to be csseutially as outlined 
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in the paragraph above (29,30). It may be noted that the demon- 
stration of independence of anabasine and nicotine ssmthetic mecha- 
nisms destroys one of Ihe heretofore most convincing arguments of 
the proponents of JjaMarckian inheritance. 
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Because of the presence of both nomicotine- and analiasme-produc- 
ing mechanisms in the leaves of iV’icoh«?ia glauca it seems unlikely 
that these organs would provide advantageous experimental material 
for the study of biosynthesis of nomicotine at least. 
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Finally’, the unity of alkaloid production phcnompoa in the genus 
IVicoftana in again demonstrated by the fact that in the two species 
which have been studied to date nomicotine is formed only in the 
leaves and only at the expense' of nicotine obtained from the roots. A 
general picture of alkaloid accumulation patterns in the three iVieo- 
tiana species and the one hybrid discussed here is given in Figure 1. 

D ALKALOIDS OF (tNCEUTAIN OKIGIN 

There have been a number of investigations which for a variety of 
reasons have not yet resulted in complete solution of the problem of 
localising the alkaloid synthetic mechanisms in question. These arc 
outlined briefly below. Iflank (8) has already called attention to the 
importance which the root seems to play in many of these cases, but 
in the light of earlier discussions it w ould seem advisable t o reserve 
judgment on this score until mure complete evidence is at hand. 

Cinchona Alkaloids. As a consequence of the commercial impor- 
tance of these alkaloids, particularly quinine, a great amount of 
study has been directed toward determining their origins within 
the various organs and tissues of the Cwrhora tree. Lotsy reported 
the results of his extensive histochemical examinations of all parts 
of the tree (81,82). The customary reagent, iodine in potassium 
iodide solution, was employed, and as a result of these observations 
and of the outcome of some culture experiments Lotsy drew the 
conclusion that alkaloids are formed in the (’i?ic/tona leaves during the 
day and are translocated downw arc! during the night where they ac- 
cumulatc pieferentiiilly in the bark of trunk and root A'an Leeraum 
(137,138) criticized Ijotsy’s conclusions and rejiorted the results of 
his own (‘xiierimenth which failed to confinn those of Lotsy. In par- 
ticular, an influence of light and darkness upon the alkaloid content 
of Cnirhona leaves could not be detected, llie most damaging evi- 
dence, however, was van Leeisnm s discovery that alkaloids do not 
accumulate in branch bark above the point of removal of a ling of 
bark and vascular tissues (i.c., the phloem) that lie external to the 
cambium. Still further evidence against the possibility of alkaloid 
synthesis primarily in leaves was van Lt*er«nm’s finding that, if a 
branch is tip-grafted with another species of Cincho/ui and the leaves 
of the former ivmoved, the alkaloid content of the bark of the former 
will remain unchanged. Finally, it would seem that, if alkaloids are 
translocated downward from leaves and deposited in the bark, scions 
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of high-quinine-yielding species when grafted to the roots of a low- 
quinine-yielding species should bring about an enrichment with re- 
spect to quinine in the tissues of the rootstock. Fortunately, a vast 
accumulation of data and practical experience is available in connec- 
tion with this point, for the commercial Ledger strains of Cinchona 
have long been grown in Java as scions grafted to low-grade but vigor- 
ouriy growing rootstocks of the species sucefrubra (91). 'Fhe general 
conclusion seems to be that if there is any effect of grafting at all it is 
to increase to a small extent the quinine content of the stock and the 
cinchonidine content of the scion for a short distance on either side r)f 
the graft \inion (a full account of this problem will appear elsewhere). 
The possibility that leaves represent the principal site of alkaloid 
synthesis in Cinduma has thus apparently been eliminated (compare, 
however, Weevers, 143,144). 

As early as 1869 Howard suggested that alkaloids are probably 
synthesized in oitu in the cells of the bark beginning from the cam- 
bimn outward (52,53) . Broughton (9) agreed with this interpretation 
on the basis of the purely localized changes in alkaloid distribution 
that occur in renewed bark. There seems to have been little further 
experimentation in this direction, however, until relatively recent 
times. The author has isolated small amounts of quinine as the tar- 
trate (confirmed by fluoreseene^ tests), cinehonidine, and appreciable 
quantities of the so-ealled amorphous alkaloids from large volumes 
of the sap that bleeds from the woikI (i.e., tlie xylem) of decapitated 
Cinchona saplings. The alkaloid content of the raw sap as estimated 
by intensity of fluorescence quenehable by sodium chloride and by 
silicotungstic acid turbidity (76) was ap])reeiably lower when col- 
lected from high-topped trunks than it 'was when obtained from low 
stumps. This latter fact may have indicated deposition in the stem 
tissues, presumably cortex and bark, during passage of the transpira- 
tion stream through the trunk and thus suggests the root as at least 
partial source of the normal alkaloid complement of the aerial tissues. 
The tentative results of experiments still in progress show, however, 
that synthesis in situ may account for the origin of a considerable 
portion of the bark alkaloids of Cinchona, iu agrei'ment with the earlier 
suggestions of Howard and Broufditon. Beeiprocal grafts have been 
obtained between Cinchona species and a s];)ecies of the closely related 
but essentially alkaloid-poor genus Ladenbergia. Qualitative teats 
by the fluorimetric method, including the quenching reaction with 
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chlondcB, for quininr and quinidinr indicatp an appieoiablo oonocn* 
tration of such alkaloids in CinehofM scions gro\m on Ladcnbvgui 
roots. The data from the completed experiments and the data conr 
cerning the occurrence of alkaloids in the xylem sap will be published 
elsewhere. 

Bteberine. Cromwell (16) has studied the distribution of ber- 
berine in Berlteria darunnii. On the bn.sis of the fact that this al- 
kaloid seems to arcumulate principally in the roots and root barkS) 
Blank (8) has suggested that bcrberinc may be produced in the roots 
of this species. Further data will be needed to substantiate the 
suggestion. Considerable imimrtanre may be attached to the 
solution of this problem in view of the fact that berberine represents 
a major group of alkaloids, the isoquinolinc group, which has not 
thus far rceeived extensive consideration from the viewpoint of bio- 
genesis. 

Hordenine. Raoul (103-1U5) has investigated the distribution 
of the alkaloidal amine hordenine in the germinating barley seed. 
According to Raoul the resting seed contains no hordenine. Dur- 
ing germination, cither in the field or during the malting process, 
the amine appt’ars only in the rootlets at the points of intense cell 
division. The concentrations at these points increase for a time 
and thereafter decrease to zero. The conclusion supported by 
Blank (8) is that, the base is synthesized only iii the root tips. For 
reasons outlined earlier the n'sults of this .study can he accepted as in- 
dicating nothing nion* than acounuilation in root tips. The extent 
to which translocation occurred prior to such accumulation and the 
degree of localization of synthesis in any ])art of the germinating seed- 
ling are unknown and cannot bo infem'd from the available evidence. 

III. Mechanisms of Synthesis 

While the ineclianism for total synthesis is not knowm for a single 
alkaloid, the identification of sites of sj-nthesis in the pbnt. body has 
provided the experimenter for the first time with suitable material 
for speeding the progress of such discoveries. A few examples of 
recent developments in this field may be outlined herein. 

A. NORNK'OTINL AND MCTHYL OROUP TRANSFERS 

It has b<>en shown earlier that nomicotine arises from nicotine in 
the leaves of coituin aperies of Nicoliana (29,30). The over-all 
mpnha-TiiHTn involved appeal's to bo an exchange of a methyl group for 
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a hydrogon atom (Scheme 1). There are at least two apparent means 
by which this could be arcomplidicd. One is an oxidative hydrolysis 
(37) yielding nomiootine and formaldehyde. The more probable 
mechanism is a truusmethylalion involving nicotine as a methyl donor, 
some other molpm]e(s) as acceptor, and an enz 3 'me systicm. The 
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evidence for the second altemative is largely indirect. First, the 
capacity for nomicotinc synthesis from nicotine is inherited: the 
demethylatinn cannot occur if suitable genes are not present in the 
leaf cell nuclei (29,30,82,126). Secondly, pit'limiiiaiy data suggest 
that the rate of dcmcthylation is considerably more rapid in leaves 
undergoing excessive proteolysis and in tthich downward transloca- 
tion is blocked by excision (unpublislied data). Indeed, the rate of 
dcmcthylation in intact leaves is so slow that noinicotiiie-producing 
species nearly always contain greater or lesser amounts of ns y'et un- 
changed nicotine in their leaven (126). Whatever element of the 
system is responsible for the sluggishness of the reaction in these cases, 
the inherent capacity of such leaves to transform nicotine intonornic- 
otinc has not been curtailed, for leaves gruwu on plants grafted to the 
liigh-nicotine-producing Nicotiana tabacum are capable of consider- 
ably greater rates of demethylation (29) . It would t hus seem that the 
limiting factor in most cases is the supply of the hypothetical methyl 
acceptor rather than a lowered activit y of on enzyme system. Plants 
have long been known to contain a wide variety of methylated sub- 
stances including choline, betaine, stachydrine, trigonelline, and the 
purines. Du Vigneaud and associates (34) have shown that methyl 
groups arc actively metabolized in the animal body and that enzymic 
transmethylations provide the pathways for the necessary methyl 
group transfers. It would seem, therefore, that the subject of trans- 
methylations in plants is ripe for study and should yield rich rewards 
to the interested experimenter. In connection with alkaloid biogene- 
sis, the problems of the origin and possible exchange of methoxyl and 
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methylenediozy groups should also be investigated and may provide 
smnc interesting porollpls (9). 

B. NICOTINE AND ORIGIN OF THE PYRIDINE RING 

* 

Chemically, the quinoline, isoquinoUne, phenanthiidine, quinudi- 
dine, tropane, and lupinanc ring structures may all he regarded as 
representing various modifications of the p}rridine ring. The only 
major alkaloid group not represented in this proposed category of py- 
ridine derivatives is that based on the indole nucleus. From the 
biosynthetic point of view it is also an interesting fact that alkaloids 
tend to occur in any given genus or species of plant in one or at must 
a few homologous series based upon modifications of a common ring 
structure. Pyridine forms the basic nucleus of the tobacco alkaloids 
^ith serial substitutions in the 3 position by derivatives of pyrrole, 
pyrrolidine, pyridine, and piperidine (37). The quinuclidine nucleus 
with variously modified quinoline or even indole (44,66) rings at- 
tached through a secondary carhinol bridge make up the framework 
of the Cinchona alkaloids. Many other examples may be given. If 
the above assumption is justified, however, the great majority of alka- 
loid molecules may be regarded as representing essentially a series of 
modifications and/or combinations of pyridine and indole rings (149). 

There is increasing evidence to indicate that the simplest pyri din e 
derivative in nattue, nieotinic acid (niacin), can be synthesised in a 
variety of organisms from one of the most universally distributed in- 
dole derivatives, the amino acid tryptophan, or at least that the qm- 
thetic mechanisms fur these* two substances may follow in part a 
common pathway (74,113). Tatum, Bonner, and Beadle (133) have 
shown that tryptophan is synthesized in Neuronpora according to the 
reaction sequence, authranilie acid — > indole (+ serine) -* trypto- 
phan. The steps by which the latter may participate in nicotinic 
acid synthesis are as yet unknown. That the syiithebis may actually 
be fairly complicated would seem to follow from a current study of the 
inheritance of the niacin content of com groin (unpublished) . In this 
case, at least, the quantitative production of nicotinic acid is deter- 
mined primarily by a considerable number of genes of small individual 
rlTects, with some complicating factors. Less is known about the 
inheritance of alkaloids, but it may be inferred from existing data 
(29,09-71,125,126) to be under a type of quantitative control perhaps 
Himilar to that for niacin in com. 
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If a definite biosynthetic relationship is established between tiypto- 
phan and nicotinic acid, considerable interest will attend any effort 
to find whether or not a sixnilar transformation may account for the 
origin not only of the pyridine alkaloids but also those of the quino- 
line, isoquinoline, quinuclidine, phcnanthiidine, tropane, lupmane, 
and indole groups and of trigonelline as well (see above). Julian (62) 
has suggested a connection between tiyptophan and the biosynthesis 
of physostigmine in the Calabar bean, and Winlerstein and Trier 
(149) have discussed the possibility of the origin of other nitrogen 
heterocyclcB in the plant cell from tryptophan. 

Unfortunately, the only experimental data that might have related 
nicotinic acid (and, hence, by inference also tryptophan) to alkaloid 
synthesis have been obtained with plant organs incapable of producing 
alkaloids. Klein and Linser (07), Gorter (39), Dawson (24), and 
Cifeiri and Pratesi (15,102) have attempted to identify the precursors 
of the psnidine ring of nicotine by feeding excised tobacco leaves with 
a variety of substance including glutamic acid, proline, ornithine, and 
nicotinic acid according to the suggestions of Trier (149). Klein and 
linser reported increases in the nicotine content of the leaves when 
proline and ornithine were supplied. Gorter could not confirm these 
results. Dawson reported especially large increases in the nicotine 
content of tobacco leaf blades when the excised shoots to whicli they 
were attached were fed nicotinic add. Ciferri and Pratesi report that 
nicotinic acid was effective only when a mineral nutrient solution 
containing inorganic nitrogen was supplied to the leafy shoots. Daw- 
son has since employed initially nicotine-free tobacco leaves from 
plants grafted to tomato rootstocks and has failed repeatedly to ob- 
tain a synthesis of nicotine from proline and nicotinic acid (unpub- 
lished data). In view of these results it is themfore neces.suiy to as- 
cribe the data of Klein and Linser, Dan^fon, and (Mferri and Pratesi 
to something other than alkaloid synthesis. If a sjmthetic rcla- 
tionsliip were to exist between nicotinic acid and nicotine (and there 
is no evidence that it does) it will be detected through the use of ex- 
cised root cultures and nut by the use of excised tobacco leaves. 

0. lIYOHCyAMINE AND INTERMEDIARY ROLE OP ARGININE 

Considerable attention has been given to the identification of inter- 
mediates in hyoBcyamine synthesis as a result of the stimulus pro- 
vided by Robinson’s suggestions of possible mechanisms and his reali- 
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sation of these mechamams by model Bjmtheses in vitro (87,108,109, 
110). According to Robinson the amino acids lysine and arginine 
constitute the probable starting points for the biosyntheens of the 
solanaceouB alkaloids. Lysine is thought to pve rise to piperidine 
and even pyridine ring structures, while arginine is thou^t to undergo 
hydrblyBis to yield ornithine, which in turn is converted to the tro- 
pane and pyrrolidine rings. Theoretical objections to this and sinular 
views of biogenesis have been outlined earlier in the present essay 
from the standpoints of biology and biochemistry. Therefore, dis* 
cussion is limited herein to the results of those investigations which 
have sought to test the validity of Robinson's hypotheses by actual 
experimentation at the tn vwo level. 

Cromwell (17) grew Atropa belladonna plants in sand culture and 
noted increases in the alkaloid content (determined by micro-Ejel- 
dahl measurements of the total nitrogen of alkaloidal extracts) of the 
leaves when various sources of nitrogen and carbon were presented 
simultaneously to the roots. Etiolated plants supplied in the dork 
with potassium nitrate and glucose also contained higher concentra* 
tions of alkaloid. Experiments with detached leaves cultured under 
a variety of conditions gave increases in alkaloid concentration in 
some cases but not in others. The results within a given treatment 
were also inconsistent. The possibility of drawing a definite conclu- 
sion regarding the question whether an actual syntliesis of alkaloid 
occiured in any case is unfortunately removed by the fact that the 
investigator did not record the changes in diy mass of his plants and 
plant ports that must have occurred parallel to the observed changes 
in alkaloid concentration. Cromwell (18) attempted a second inves- 
tigation of alkaloid synthesis in Atropa with the aid of somewhat more 
acceptable methods of analysis (i.e., titration). Although tlic results 
of grafting experiments with tomato are reported to correspond with 
the results recently obtained by llieke (45), no satisfactory quantita- 
tive data arc presented to support this claim. Alkaloids were, how- 
ever, detected in appreciable amounts in the sap that bled from de- 
capitated Atropa stumps. A novel method of feeding relatively large 
volumes of solutions containing various hypothetical intermediates 
was developed, and, although the details of application and manipulfr- 
tion are not clearly given, small but consistent increases in alkaloid 
content of root and leaf tissues were obtained with arginine plus 
glucose, fonnamol plus glucose, hexomine plus glucose, and with 
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putrenrine 'with or without glucose. Sinre putrescine is a metabolite 
of arginine, the relationship of this substance to the observed in- 
creases in tissue alkaloid concentration was pursued in a succeedmg 
publieution (18). Small but apparently consistent increases in di- 
amine oxidase activity were obtained using suitable cxtrarts of 
Atropa routs, shoots, and etiolated shoots when putrescine was 
added. Simultaneous tests for ammonia and aldehyde that would be 
expected to result from the oxidation of putrescine appeared to fol- 
low expeQtations. If putrescine were actually to serve as an inter- 
mediate in hyoseyamine synthesis, it was reasoned, the amine might 
occur in Atropa tissues in detectable amounts at least during periods 
of must active alkaloid synthesis. Cromwell reports the isolation of 
putresrinc iiom the leaves and upper stems oi Atropa hltadonna and 
also from Datura stramonium from material gathered in August but 
not in May or June. In the light of these findings he suggests that 
arginine may exist in'equilibrium 'with protein.s on the one hand and 
that it may be converted successively to ornithine, putrescine, and 
succindialdchyde or amino aldehyde on the other hand. The latter 
are regarded in the light of Robinson’s speculations as prime inter- 
mediates for alkaloid synthesis. 

James has continued the experimental approach of Cromwell (54- 
58) and reported the apparent synthesis of alkaloids in detached bella- 
donna leaves fed with ammonium sulfate plus sucrose and also with 
arginine. The suggestion was made that arginine may be converted 
to ornithine and the latter in turn oxidized by an ct-amino arid oxidase 
to ot-keto-5-aminovaleriunic acid. If this reaction sequence actually 
occurs in belladonna tissues it should be possible according to James 
to detect the enzymes that catalyze each of the component steps. 
The presence of orginase was reported in root and slioot extracts of 
not only belladonna but also tobacco and tomato (54). Arginase 
activity w’as detected in Datura shouts and in the shoots of belladonna 
grafted to tomato stocks. The latter were essentially alkaloid free, 
p.Tid it may be noted that, while James uses the presence of arginase 
in intact belladonna plants to support his hypothesis of the mecha- 
nism of hyoseyamine synthesis, its presence in the alkaloid-free leaves 
of grafted belladonna can with equal logic be used os an argument 
it gaiTiBt. his view that these leaves have lost their capacity for alkaloid 
synthesis (see page 226). When arginine feeding was emplo}red the 
tissues of the leaves exhibited Bsmiptoms of ammonia toxicity. Tests 
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with belladoDna root sap extrarts were not employed) indicated 
the presence of urease. James, therefore, concludes that the nitrogen 
of the tropane alkaloids is probably derived from Uie j-amino group 
of arginine and ornithine and that the et-amino nitrogen of other am- 
ino acids including proline is not available fur the synthesis. 

Underlying the results of all these investigations is the assumption 
that Airopa and Datura leaves are capable of carrying out the total 
synthesiB of hyoscyamine beginning with such simple materials as 
ammonia and sugar. In an earlier discussion of this problem the 
validity of this assumption has been seriously questioned. There are, 
moreover, certain additional objections to the assumptions implicit 
in such experiments as have been described above. In the first 
place, ammonia, arginine, and ornithine would bo expected to occur 
in virtually all plant tissues (as w'ould also the enzymes by means of 
which these substances afe geaivd to protein metabolism and to amino 
acid degradation) as a cnnscqueiicc of the opemtion of the arginine 
cycle of Krebs and Ilenseleit (73) and Hrb and Horowitz (130). 
Therefore, the detection of the enzymes arginase, urease, and even 
diamine oxida'ie can have nothing more than a mechanisticaUy remote, 
indirect, and entirely nnn.specific connection to alkaloid synthesis in 
any plant. The same may Ik' said for an earlier suggested relation- 
sliip of tryptophan to the pyridine alkaloids. AH plants would be 
expected to contain some tryptophan and some arginine in their pro- 
teins as well as to possess enzymic mechanibms for their degradation. 
If fl connection is to be established between an amino acid of practi- 
cally universal occurrence and the synthesis of an alkaloid of highly 
restricted occurrence in natuix', it will be necehsaiy to look for evi- 
dence at the point where the metalrolismof the amino acid enters ujion 
a unique pathway such as, for instance, in the suggested conversion of 
arginine nut to ornithine and oi-keto-5-aminovalerianic acid but to 
some substance which may represeut the firet step in the specific 
series of reactions leading only to the synthesis of the tropane ring. 
Under these circumstances experiments designed to obtain acccsstrry 
evidence by testing for enzyme activities will not deal with those 
enzymes responsible for the normal metabolism of a commonly occur- 
ring amino acid but will attempt to cope instead with the pnrblem of 
identifying enzymes which facilitate such reactions os ring closures, 
dehydrogenations, etc. llnally, in connection with the isolation of 
putrescine from A iropa and Dalura shoots (1 8), it may be noted that a 
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variety of amiiies are normally encountered in the aerial parts of 
plants, particularly in the upper portions of steins and their inflores* 
cenres (27,68). If the synthesis of putrescine is actually baaed upon 
the action of an ensyme on ornithine obtained from arginine, the evi- 
dencp of Cromwell may be interpreted in a number of ways with equal 
facility, llie simpleat explanation would seem to be that the forma- 
tion of putrescuie in small amounts represents an alternative pathway 
for arginine metabolism in these two species, that such formation is 
in part terminal, and that, therefore, the syntheses of putrescine and 
hyoscyamine are entirely independent. 

It would appear that future advances in the field of hyoscyamine 
biosynthesis will come most reailily from the use of organ cultures 
of established alkaloid-synthesizing capacities. Datura roots have 
been grown successfully in sterile culture, and there is no a priori 
reason to presume that belladonna routs rannot be grown in a similar 
fashion (99,146,147). 

D. TllOPINE AND A PROBLEM OK p:HTICRJFIf!ATrON 

It would seem reasonable to suppose that a more profitable ap- 
proach to the problem of alkaloid biosynthobis muy lie in the direction 
of the relatively obvious terminal reactions such as the methylation 
of the tobacco alkaloids and the esterification of the tropane alkaloids. 
Hills and associates (49) in Australia have performed an cx])eriment of 
great interest in this connection (see Scheme TI). A scion of Nico- 
tiam UAacum was grafted to a rootstock of Duhoisia myoporoidea. 

CH, — CH — c;h, CJI, 

CH,1^ 'VilOH + JlOOE-tl’fl > 

Trapine Tnipic arid 

CHi (’II cu, r,ii. 

CO Jjii 

Scheme II 

Hyoaryamine or atropine 

The Bcion grew well and flowered. Wheiuas an intact 1 obaoco plant 
of the same variety employed as a control contained 0.2% nicotine in 
its leaves on u dry wei^t basis, the grafted tobacco also contained 
0.2% of steam-volatile alkaloids calculated as nicotine, Tvt'o crystal- 
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line piorates \vere obtained from the nonvolatile alkaloidal fractions. 
A. small amount of hyoscine picrate comprised one of the fractions. 
The other and larger fraction proved to be tropino picratel At first 
thought it is not easy to ejqilain the fact that unesterified tropine 
should occur in tobacco leaves grafted to Duboiaia roots since it is 
not present when DiAoisia roots are attached to their own shoots or 
to tomato scions (46-48). A further puzsling fact is that tropine 
should apparently accumulate but not scopine, since both bases are 
present in esteiified form as hyoscyamine and hyoscine, respectively, 
in the intact plant. Hills, Trautner, and Rodwell (49) have suggested 
that the basic parts of the alkaloid molecules, tropine and scopine, are 
formed in the roots and later transferred to the leaves of the intact 
Dtiboma tree where esterification with a suitable acid takes place. 
These authors suggest that this process may be prevented in the to- 
bacco graft through the lank either of a suitable acid or of an esterify- 
ing enzyme or both. An alternative expknation would be the possi- 
bility that tobacco leaves contain an enzyme capable of hydrolyzing 
hyoscyamine but not hyoscine. This possibility might easily be 
tested experimentally by feeding the alkaloid on the one liand and its 
acidic and basic romponents on the other to tobacco leaves of the same 
strain as that used in the Australian experiments. The second possi- 
bility would seem the most likely in the light of the detection of fully 
assembled hyoscyamine in the ascending transpiration stream of 
Atropa and of Datwra (18,99). 

Further important contributions are to be expected from the inves- 
tigation of alkaloid formation in the Duhotsiti genus. 

IV. Related in Vivo Mechanisms 

A. ALKALOID SyNTIlliSIS AND PltOTlilN METABOLISM 

Perhaps more than any other grouj) of substances excepting, of 
course, the amino acids, the alkaloids iiavc been associated in the 
physiological and biochemical literatun' with one phase or another of 
protein metabolism. Henry lias given an cxeellent statement and 
discussion of this tendency ui the introduction to his book on the plant 
BiifH-lniHa (43). It is necessoTy here to emphasize the conclusion 
drawn by Henry that the technique of exfwriuientatiou in this field 
is difficult and that the results obtained arc frequently open to more 
than one interpretation. Indeed, a careful inspection of such results 
beginning with the papers of Pictet, who originated tlie idea of alka- 
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loid-protem relaiionsliips (100), and contiiiiimi; to the more recent 
studies of Cromwell on })erberine (16), Annett on moiphine (2,3), and 
Weevers on the Cinchuna alkaloids (143) reveals a complete lack of 
anything more than purely eircumstanlial evidence, which evidence 
is open to a rather wide variety of other interpretations. As Henry 
has remarked, attempts to relate alkaloid formation to protdn metab- 
olism ill plants are unusual in view of the relatively small number of 
species in the plant kingdom that contain alkaloids. 

Annett (2,3) employed a number of variables including sodium ni- 
trate fertilization to show that the alkaloid content of the latex of the 
opium poppy {Papaner smnifenm) remains essentially constant 
even though the growth of the plant and the production of latex in 
the plant were greatly increased in some cases. The relative con- 
stancy of the morphine content of this latex and the fact that the alka- 
loid was not used in the ripenmg of the seed led Annett to suggest 
that morphine is an end product of metabolism and excretory in na- 
ture. The experiments of Cromwell (17,18) on hyoseyamine forma- 
tion in Atropa belladonna have been summarized in a preceding sec- 
tion. Their relevancy to questions of the relationships of alkaloids 
to protein metabolism is considerably in doubt in view of the fact that 
Oomwell did not in a single instance* demonstrate on increase in abso- 
lute alkaloid content of his plants and leaves. Nevertheless, the con- 
clusion was drawn that the alkaloids aie dependent for their synthesis 
upon certain by-products of protem metabolism, esj)ecially ornithine 
and putresciue, and that these latter substances in turn are involved 
in condensation reactions with substances derived from carbohydrate 
metabolism to produce the Aiihhed alkaloid molecules. Weevers 
(143,144) has discussed the general problem of the relatiuuship of the 
purines and alkaloiils to protein metabolism and has stated his view, 
based upon experiments with the Cinchona alkaloids, that the latter 
substances are probably formed by dissimilativc processes in the 
plant. Mothes (93) was not able to detect a relationship between 
nicotine content of tobacco leaves and cither protein synthesis or pro- 
tein decomposition, but such research as that of Sabalitschka and 
Jungermann (111 ,112) has been cited repeatedly as providing evidence 
for the view that alkaloids arc synthesized from the reserve proteins 
of germinating seeds (43,143). While Vickery (139) failed to isolate 
any simple soluble substance from mature tobacco seed which might 
reasonably be assumed to act as the precursor of the nicotine that ap- 
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pears during genninatioUi the possibility that such substanops may 
exist has not bepn elimmated. 

The inost recent advocate of the association 1>etwceD alkaloid syn- 
thesis and protein metabolism is James (54,57). Although certain 
of the basic arguments upon which lus stand is based have been seri- 
ously questioned in earlier portions of the present essay, James’s evi- 
dence is so skillfully organised and presented that a brief smnmary is 
recorded herein as follows: 

(i) Alkaloids are absent in the embryo and endosperm of the dor- 
mant seeds of Atrnpa belladonna and Datura eframonium. They ap- 
pear very early during germination and according to histocheinical 
tests seem to accmnulatc most abundantly in the apical meristeins of 
the seedling root and shoot. During growth, os in the case of nico- 
tine in tobacco, the amount of alkaloid in the aerial portions continues 
to increase with the higliest concentrations again occurring in the 
meristems both lateral and apical, in the yoimg cortical cells, pith 
cells, and in the phcllogen. In older leaves an actual loss may occur 
during senescence. The above facts, according t o J ames, are in agree- 
ment with the view that alkaloids are syitthesized in the young and 
actively growuig cells of the plant body regardless of their location 
and that they are broken down during senescence. The synthesis of 
alkaloids would thus appear to occur parallel to that of the proteins 
in the developincut of the individual ])laut with the conditions that 
favor one process also favoring the other. 

(;S) Alkaloid syutliehis can apparently be intensified by excessive 
nitrogen fertilization, the control of available pntassimn and phos- 
phorus supplies, and by inducing proteolysis (i.e., by keeping de- 
tached leaves in the dark in distilled water). Feeding ammonium sul- 
fate plus sucrose to excised leaves in the dark is also claimed to result 
in increased alkaloid content of the leaves. Since leaves under such 
circumstances appeal not to synthesize protein it wouldthcn seem that 
alkaloid formation may as readily bo associated with protein degrada- 
tion as with protein synthesis. 

(3) The common denominator beweeu protein synthesis and pro- 
tein degradation is probably an abnormally high tissue concentration 
of amino acids, and it matters not whether they are of primary or 
secondary origin. Not all amino acids are considered to be equally 
available for alkaloid synthesis: glycine, alanine, valine, leucine, 
glutamic acid, histidine, and prolinc were ineffective in feeding expert- 
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mente, while arginine and ornithine gave small increases in young but 
not in old leaves. 

(4) The presence of arginase and urease in belladonna tissues was 
demonstrated as accessoiy evidence for the postulated mechanism of 
synthesis via arginine. 

It may be noted that an almost identical marshalling of evidence 
can be obtained for the origin of nicotine in tobacco (10- 15,23-25,31, 
67,100,102), notwithstanding the fact that more recent evidence has 
shown this picture of nicotine biogenesis to be entirely circuinstantial 
and erroneous. 

In general, the principal argument for schemes such as this is the 
correspondence in time of maximum rates of alkaloid accumulation 
with events within the plant, such as growth or autolysis, which are 
presumed to indicate maximum rates of protein formation or degrada- 
tion. It is at once the strength and the fatal weakness of such schemes 
that they are never based upon actual measurements of the prevailing 
rates of over-all protein metabolism, nor, indeed, are they always 
based upon actual quantitative measurements of the rates of alkaloid 
synthesis per sc! Vickery and associates (140) in their study of the 
chemical changes that occur during the growth of the tobacco plant 
have provided the only relatively complete set of data at present 
available for comparing rates of alkaloid accumulation with simul- 
taneous rates of net protein production. Unfortunately, for the 
purpose at hand, this study was confined to the aerial organs of the 
tobacco plant, and it is therefore not possible to compare the above 
variables for the root organs in which the nicotine was actually syn- 
thesized. It is notable, however, that no intelligible relationship 
emerged between nicotine and protein accumulation in leaves and 
stems. The literature of plant physiology since the days of Pfeffer has 
leaned strongly to the assumption that appreciable rates of protein 
metabolism occur only during certain critical events in ontogenetic 
development such as seed germination, meristem activity, and senes- 
cence. If the concept of continuous protein turnover in cells as de- 
veloped by Rittenberg, Schoenheimer, and Keston (106) and ex- 
tended to plants by Vickery et al. (142) is correct, it would appear that 
efforts to correlate the occurrence of such phenomena as alkaloid 
synthesis and protein metabolism by the methods employed thus far 
cannot be expected to avail much. The author of this essay has earlier 
and elsewhere (31,32) withdrawn his claims for a relationship between 
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nicotine syntheBis in tobacco leaves and protein metabolism via amino 
acids such as proline (23,24) . It seems probable, in view of these and 
earlier considerations regarding the ability of excised leaves to syn- 
thesize hyoBoyamine, that the very similar picture of protein-alkaloid 
relationships developed for belladonna must either be supported by 
an experimenium cruciB, perhaps involving isotopic nitrogen, or like- 
wise be regarded as having no more than a coincidental basis in fact, 

B. ALKALOIDS AND GENERAL PLANT PHYSIOLOGY 

Alkaloids in many specUss are characteristically associated either 
as esters or as salts with certain organic acids. For instance, tropic 
acid, atropic, benzoic, tiglic, and other acids are esterihed with basic 
alcohols such as tropine, nortropine, or scopine to form the belladonna 
and related alkaloids. In Cind^ona barks quinine, quinidine, cin- 
chonine, cinchonidine, and many others are associated with a variety 
of more or less characteristic acids including quinic and cinchotannic 
(9,33). It has been suggestccl from time to time since Justus von 
Liebig advanced his ^‘mineral theory” (78) that alkaloids may serve 
as substitutes for inorganic cations of soil origin to insure the neutrali- 
zation of these organic acids for which there seems to be no further 
use in the plant (9) . It would lx> extremely difficult to devise experi- 
ments calculated to prove beyond a doubt tliat alkaloids actually per- 
form such a function in plant physiology. Undoubtedly the alkaloid 
molecules, their ions, and hydrated forms exist in plant tissues in 
complex homogeneous or hetero^neous equilibrium with all other 
charged particles that occur simultaneously in these some tissues. 
Organic acids of many types m\ist be presumed to participate in such 
equilibria. No complete attempts to trace the role of an alkaloid in 
such a system have been made, although Droughton (9) failed to find a 
correlation between the alkaloid content of Civchona barks and their 
principal ash constituents. 

The most complete study of the relationships of an alkaloid to the 
phjrsiology of the plant which produces it has been made by Mothes 
(93). Although many of his results are obscured by the fact, then 
unknoum to him, that nicotine synthesis is confined to the root system 
of the tobacco plant, Mothes was nevertheless able to demonstrate the 
following salient features of tobacco phytiology; (f) nicotine accu- 
mulates in the plant whenever there is growth; (£) nicotine metabo- 
lism is very stable and is not easily influenced; (3) nicotine accumu- 
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lates in the presence or absence of light and at the expense of reserve 
foodstuffs if necessary; (4) the rate of alkaloid production is not in 
accord vdth the rate of growth of the leaves; (J) nicotine cannot art 
as a nitrogen source for protoin synthesis during nitrogen starvation; 
and (jB) during the catabolic changes that occur in senescent leaves, 
the secondary degradation products of nicotine are of no appreciable 
significance in the physiology of the plant. Dawson (25) has con- 
firmed the inability of nicotine to serve as a nitrogen source for 
protein synthesis in excised tobacco shoots during culture. 

While nicotine is known to be translocated in large amounts from 
root to shoot, it has not been observed to move downward (basi- 
petally) anywhere in the plant body. Such translocation would 
presiiinably occur in the phloem tissues of stem and leaf and could 
be used as evidence indicative of the functioning of nicotine in the 
movement ol organic or inorganic anions from one part of the plant 
body to another. Dawson could not detect such movement in ap- 
propriatel 3 ’' grafted ])lants (27,28, 29j, and Mothes reported similar 
failure in his study of intact tobacco plants (93). 

It has been ol)served (22,25) that nicotine salts fed to excised to- 
bacco shoots considerably increase the water content of the shoot tis- 
sues os well as the rate at which these shoots absorb water to replace 
transpiration losses. These effects were not specific, however, and 
could be duplicated with glutamic acid or uirotinic acid (22,23). 
Wiley, in a continuation of this line of study, compared the rates of 
water absorption by preconditioned (131) potato disks from solutions 
containing nicotine hydrochloride and potassium chloride in equimolar 
concentrations (148). No significant differences were observed. 
Attempts to attribute some special survival value to the presence of 
alkaloids in plants have frequently been made, but these suggestions 
have not seemed to deserve serious biochemical consideration. 

Fronkenburg (37) has suggested that alkaloids may participate as 
catal 3 rtic agents in plant tissues even though they may not enter di- 
rectly into the chemical conversions wliich they regidatc. The high- 
est importance must be attached to this possibility, since it is conceiv- 
able that the catalysis may be either negative or positive in a broad 
sense (38). The fonual relationship of the pyridine alkaloids to the 
pyridine moiety of the di- and triphosphopyridine nucleotides of the 
dehydrogenases has been pointed out earlier (31,37), and the possi- 
bility of participation of these and other alkaloids as hydrogen donor 
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and acceptors in oxidation-reduction systems should provide a fertile 
field for investigation. Dawson has called attention in a preliminary 
way to the results of some experiments in which nicotine was found to 
increase the rate of nitrate absorption and possibly also of nitrate re- 
duction in the roots of tobacco plants growing in sand culture ( 32 ). 
The study of this phenomenon is continuing, but attention may be 
called here to two of its more obvious implications regarding the de- 
sign of experiments. First, the physiological significance of any alka- 
loid will be most reliably indicated by observing its action upon the 
species of plant in which it is produced. Secondly, only those cells 
or tissues within the plant body which are actually capa>)le of synthe- 
sizing the alkaloid in question can be expected In yield the answer to 
the problem of its biochemical activity. 
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I. Introduction 

Cellulose is considered to be the most abundant organic compound 
existing in nature. It is the skeletal framework of all hi^er plants, 
whether in the free state os it exists in the seed hairs of cotton, or in 
a union with other organic compounds as is the case in wood where it 
exists combined with lignin. However, whether this union is physi- 
cal or chemical still remains to be established. Considering the 
abundance of this compound in nature, it is no wonder then that man 
has attempted, rather successfully, to put it to use in the form of 
rayon, cellulose plastics, cellophane, and ^ various derivatives. 
Nor con we lose sight of the tremendous consumption of cellulose in 
the form of clothing, rope, wood, and paper. 

While man attempts to find use for this compound wliich exists so 
ubiquitously in nature, nature, too, has provided for the continuous 
destruction of cellulose — ^almost entirely through the action of micro- 
organisms. Of the orgnni.sm8 capable of decomposing cellulose the 
following groups arc included; anaerobic bacteria, aerobic bacteria, 
filamentous fungi, many types of higher fungi, certain actinomycetes, 
various protozoa, certain types of insects, and a variety of other inver- 
tebrate animals, including worms and snails. 

II. Structure of Cellulose 

A. CHAIN STRtrCTiniH 

Before entering into any discussion involving cellulose, it will be 
attempted to Clarify the subject under consideration as much as pos- 
sible. Generally speaking, the constitution of cellulose' is well estab- 
lished. However, in view of certain suggested modifications of the 
classical theory of ccUulo.se structure a short discussion of its consti- 
tution is presented here in order to afford a contrast with the recent 
concept. 

Indication that its structure is that of a hexose anhydride is af- 
forded by its empirical formula, which has been shown to be CtHuOt. 
The most uniform ccUulosc is obtained from the seed hairs of cotton. 
Since the seed hair contains 99.8% cellulose it is the purest form of the 
cmnpound and is thus termed “true ccUulose.” From the study of 
this form of ccUulosc many data on its rhemical constitution have 
been obtained. 

Of prime importance in establishing the structure of cellulose was 
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the necetaity to demonstrate the reUtionship between glucose and 
cellulose. Complete acid hydrolysis of cellulose gives an almost 
quantitative yield of glucose, indicating at the same time the qualita- 
tive relationediip that exists between the two compounds. As early 
as 1819 Braronnot (10) discovered the qualitative relationship be- 
tween cellulose and glucose, the complete acid hydrolysis of cellulose 
giving rise to glucose. Monier-WilUoms (50), over a century later 
was able to show this relationship to bo nearly quantitative. Employ- 
ing cold 72% sulfuric acid, he dissolved the cotton and completed the 
degradation to glucose by diluting the solution with much water to 
an acidity of less than 1% and boiling the solution for fifteen hours. 
On the basis of the optical rotation and copper reduction he was able 
to show the presence of about 94.5% of glucose. 

The qualitative and quantitative relationship between cellulose 
and glucose being established, it remained to determine the linkage 
between the glucose units constituting the cellulose molecule. Of im- 
portance in this effort was the observation of the presence of three 
alcoholic hydroxyl groups for each CMIidOs unit. This was ascer- 
tained on the basis of nitration and acetylation of cellulose. This 
was also indicated by the formation of a trisodium derivative by the 
action of metallic sodium on cellulose in liquid ammonia, 'nith the 
lilieration of hydrogen, llie stutlies of Scherer and Hussey (76) 
corroborated the above finding lliey found that three sodium 
atoms entered each (MIjoUs unit. Althougli the presence of three 
alcoholic hydroxyl groups in the glucose imit of the cellulose molecule 
was established, it remained to det.ermme the positions occupied by 
these groups. With the knowledge of the stiiicture of glucose itself 
and of the presence of these reactive groups, too, it would be simpler 
to conceive of the linkage existing between the glucose units to form 
the cellulose molecule, if knowledge of the positions of the three reac- 
tive groups in the glucose unit were available. 

Methylation studies with cellulose liave brought to light evidence 
to clarify this point. Cellulose was methylated and hydrolyzed with 
hydrochloric acid and methanol, giving rise to methyl 2,3,6-trimethyl- 
jS-D-glucoside. On hytlrolysis of this compound 2,3,<^trimethylglu- 
cose resulted (38). This observation lias had much influence on the 
formulation of the constitution of cellulose. The identification of 
2,3,6-trimethylgluco8e would settle the position of the three hydroxyl 
groups in the glucose unit of the cellulose molecule as being in posi- 
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tions 2 , 3, and 6. Also of importance in clarifying this point was the 
finding by Haworth and Machomer (28) of 2,3,4, 6-tetramethylgluoo8e 
in the hydrulyaate. Hence, in cellulose, these three hydroxyl groups 
are not involved in the glycosidJc linkages. This elimination leaves 
either of the hydroxyl groups in the 4 and 5 positions for combination 
with the potential aldehyde in the 1 position of another glucose resi- 
due. (h) the assumption tliat position 5 is involved in the internal 
ring, as in the case with glucose, the glucose units must be joined in the 
eellulosc molecule through positions 1 and 4 since those are the only 
available positions. Also in view of the fact that the additional hy- 
droxyl group methylated in 2,3,4, 6-tetramethylglucose is at position 
4 it must be surmised that the linkage between the glucose units occurs 
at the 4 position and not the 5 position. It would appear, then, that 
in practically the entire cellulose molecule, jmsitions 1, 4, and 5 arc 
“blocked” and cannot be subject to esterification or etherification. 
The above findings regarding the linkage between the glueose units 
signify that one of the end groups in the cellulose inoleeule contains 
an additional alcoholic hydroxji group in position 4, on the basis of 
the formation of 2,3,4,6-tetraraethylglucose. 

Although the alcoholic hydroxyl groups in the cellulose molecule 
on the iMisis of the above evidence were located at carbons 2, 3, and 6 
of the glucose residues, the mode of linkage between the ghieose units 
was left unsettled. It might be possible that the glycosidic bond 
possessed either the a or j9 configimition and it might be attached to 
either carbon 4 or 5 in the adjacent glucose unit. Some doubt, 
therefore, existed as to whether the glucose units possessed a 1,5- or 
1,4-oyclic stnreture. 

A method cmplo 3 ’ed to clarify this uncertainty was the characteri- 
zation of bivukdoAvn products obtained from cellulose intermediate 
in complexity between cellulose and glucose. In this attempt the 
acetolysis of cellulose has served to contribute much to the elucidation 
of the constitution of cellulose. A crystalline octoacetate of cellu- 
biose was prepared on treating cellulose with acetic anhydride and 
sulfuric acid (20,78). The formation of two moles of glucose was ob- 
served in the acid hydrolysis of the free sugar, obtained by the saponi- 
fication with sodium ethylate of the octaacctate derivative. Simi- 
larly, glucose resulted from the hydrolysis of cellobiosc mth almond 
emulein. This latter finding characterizes cellobiosc as a |9-glucoside. 

Studies on the structure of cellobiose were performed by Haworth 
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and collaborators (26). The configuniition of this disaooharide was 
establi^d through a series of reactions. By controlled hydrolysis 
it was obtained in considerablp quantities, indicating that the sugar is 
preformed in the cellulose molecule (87). It is a reducing sugar hy- 
drolysed by acid or by almond emulsin mto two moles of ^ucose. 

Ciystalline cellobiose octaacctate (I) was simultaneously deacety- 
lated and methylated with dimethyl sulfate and a-llfftli to form a 
crystalline methyl heptamethylcellobioside (II), hydrolysis of which 
resulted in crystalline 2,3,6-trimethylglucoBe (III) and 2,3,4,l>'tetrar 
mcthylglucose (IV) (Scheme I). These findings would limit the disac- 
charide linkage to carbon 4 or 6. Evidence for selection of carbon 4 
was given by Haworth, Long, and Plant (27). Ccllobiosc (V) was oxi- 
dised to calcium ccllobionate (VI), which on rumplete mrthylation 
produced methyl octamcthylccllobionate (VII). Hydrolysis of this 
compound gave rise to 2,3,4,6-tetrsmetliylglucose (VIII) and 2, 3,5,6- 
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SCMKME II 

tetriunethylgluGonoIactone (IX) (Scheme IT). These observations 
strongly support the concept that carbon 4 of the reducing half of the 
molecule is joined through the oxygen bridge to carbon 1 of the non- 
reducing half of the molecule in the original cellobiose. 

It wuidd be assumed, then, tliat the sugar cellobiose (linkages of 
which seem to be prefonned in cellulose) is 4-j6-D-ghicopyranosyl-D- 
glucopyranose. The structure of cellubioHe was further confirmed 
by the synthesis of octomethylcellobiose by the interaction of 2,3,4,()- 
tetramcthylglucosyl cUuride and methyl 2,3,6-trimethyl-i9'D-gluGo- 
side (21). This, too, is evidence of a fi-glycosidic linkage. 

During the acetolysis of cellulose, acetates of oligosaccharides, as 
well as cellobiose octaacetate, are formed. ‘'(Dellotriose,” a trisac- 
charide, was reported os being obtained as a product by Bertrand 
and Benoist in 1923 (6). It was shown that "cellotriose” has a struc- 
ture which follows the same pattern as does cellobiose and only j3 
linkages appear to be present (22). Himilarly, a tetraose and a pen- 
taose have been obtained during the acetolysis of cellulose. All these 
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Bugant appear to represent chains of glucose units poseetKung similRT 
structures and configurations. Too, they contain gluoopyronose 
groupings which are linked together os /S-glucosides, through positions 
1 and 4 of adjacent glucose unite. 


B. THE TOLLENS-HiLLERrPACSU CONCEPT 

Bas(‘d on the afore-mentioned data, cellulose is generally accepted 
today to be made up of /3-D-glucopyranosc residues imited by 1,4> 
glyco^c linkages. Also, it is generally assumed that hyebngen 
bonds, 0— II- • -0, are present, llic individual chains are thought 
to be held together in a lateral direction mainly by these bonds: 



On the strength of recent analytical work on cellulose, and previous 
considerations of Klcincrt, Hingst, and Simmler (44), Paesu and Hiller 
(34) extended ToUens’ concept of an acetal structure for cellulose and 
conclude that the present picture is not complete in that it does not 
satisfactorily account for the chemical behavior of this compound. 
Heretofore, the formation of glucose during the acid-catalysed hy- 
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drolyfilR baa bpcn interpreted on bemg due to a cleavage of the 1,4- 
glycosidic bonds of a chain molecule. The result of the action of acid 
would be a diminution of the average degree of polymerization. The 
product of the partial hydrolysis of rellulose is termed “hydrocellu- 
lose,” the hydrolysis proceeding as m Scheme III. 

It would be assumed that every time a hydrolytic cleavage occurs, 
a new reducing group is foimed. Applying earlier methods used for 
determining reducing groups, a “hydrocellidose” should show a greater 
reducing power than the original substance from which it was pre- 
pared. This has uot been found to be the case. A method custom- 
arily employed has been the procedure originally developed by 
Schwalbe (77) and termed the '‘copper number” method. In princi- 
ple it consists of the reduction in alkaline media of cupric ions, thus 
causing the formation of a red precipitate of cuprous oxide, and the 
oxidation of the cellulose. The amount of cuprous oxide is then 
measured by standard methods. The inadequacies of this method 
arc generally known. Under the conilitions employed it serves to 
give erratic results. 

Another often-applied method is the oxidation of cellulose by hy- 
poiodite solution. This method, too, has been frequently criticized. 
It has been found that the oxidizing agent it.sc'lf was unstable. Using 
any of these methods accuracy and completent'ss cannot be expected. 

However, with a group estimation method based on the use of dilute 
potassiiun permauguuate in acid medium, I'csults were obtained which 
were contrary to the above expectations. Hiller and Pacsu were sur- 
prised to find that an initial rapid acid treatment (mild in nature) of 
cellidose decreased its reducing power rather than increased it. It is 
interestmg tliat the reducing power lust by the cellulose was reported 
to have been found in the acid solution used fur degrading the mate- 
rial. This W'as considered to indicate that during this initial rapid ef- 
fect of dilute acid on cellulose, bonds other than normal glycosidic 
bunds 01*0 brcjken. I'hese findings led the authors to believe that, 
besides normal 1,4-glycosidic bonds, cellulose contains another type of 
linkage which is extremely sensitive to acid-catalyzed hydrolysis. 
They conclude tliat the cellulose filler is made up of a chain of mole- 
cules which range in size from lung chains down to a few which ore 
probably glucose or cellubiosc. The primary-chain molecules with 
their terminal open-chain units form still larger, secondary-chain 
molecules by means of hemiacctol linkages, reminiscent of those of 
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Tollens which involve upen-ohain molecules of glucose and cello- 
biose, Part of such a structure is shown below in Scheme IV, 

This formula is rogardod by Hiller and Pacsu as adequately repre- 
senting the chemical structure of a portion of the cellulose molecule, 
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two molecular chains being held together by a cellobiose molecule. 
They surmise that the initial action of acids is not hydrolysis of the 
1,4-g^ycosidic bonds, but rather hydrol 3 rBis of the hemiaoetal linkages 
between the hydrated aldehyde groups and any of the alcoholic 
groups of the glucose unit in the main cliain. Of course, while it is 
thought that spliitiug of 1,4 linkages will take place under more 
drastic conditions, the properties of “hydrorellulose” do not arise 
from this attack. The initial action of aeids is supposed to be the 
hydrolysis of the hcmiacetal linkages and the cleavage of a number of 
hydrogen bonds which normally hold the fiber together. A split of 
the hemiacetal linkage would occur as is illustrated in Scheme V . 
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SCHEUB V 

Since the nowly created small molecules are freinl and leave the fiber, 
upon being washed, they do not give rise to new reducing groups; the 
reducing power of the “hydrocellu1o.se” formed becomes less than that 
of the original material from w'hieh it was prepared on acid hydrolysis. 
The authors, however, did not mention whether or not prolonged 
enzymic hydrolysis might give analogous results. 

C. PHYSICAL EVIDENCE REGARDING CELLULOSE CONSTITUTION 

The present-day generally accepted concept of the chemical con- 
stitution of cellidosc pictures it as being made up of long chains of 
/S-D-glucopyranose residues united by 1,4-gIycusidic linkages. It 
would appear, how^ever, that the structure of cellulose is not com- 
pletely represented as such. X-ray analyses have helped to clarify 
this. Thus x-ray analysis has definitely shown that cellulose is of a 
crystalline nature, and the individual chain molecules are thou^t to 
be parallel to each other In turn, they are stabilized laterally by 
secondary valences or by hydrogen bonds between opposing hydroxyl 
groups. Meyer and Mark (49) have reported that the cellulose mi- 
ceUes are composed of a definite number of long-chain molecules 
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held together bjr lateral eeooDclary cohegion forceg A regular orya- 
talline structure was assumed. It is thought that in such a maimer 
chain bundles are formed, such bundles being conceived as rejnesent- 
ing hypothetical submicroscopic units of varying length, but of fixed 
breadth and thickness. These are termed orystallites or miiw llaiL 
However, the cellulose structure is now considered to be made up of 
both crystallised and amorphous areas. 

The results of x-ray analysis tend to support the afore-mentioned 
molecular chain structure of cellulose. Thus, the length of the iden- 
tity period of the elementary cell in the direction of the fiber axis 
{h axis, 10.2 A) is identical with the length of two pyranoee residues 
which are combined with each other as in cellobiose and connected 
with other glucose units at their ends. 

The crystallinity of cellulose was first established by means of 
x-rays by Nishikawa and Ono (52). ContributionB by Poldnyi (66) 
and Pol&nyi and Hersog (31) furnished the fundamental data accord- 
ing to which the cellulose fiber was regarded as representing a crystal 
lattice in which rows of crystals are arranged essentially in a position 
parallel to the fiber axis. At this tune Poliinyi made the first attempt 
to determine the unit or basic cell, t.e., the sinallest unit which still 
possesses the geometric characteristics of Uie whole crystalline lattice. 
It appears that the lattice on which the celluloee crystal is built may 
be ascribed to the monoclinic system with dimensions of the basic 
cell expressed in angstrom units: 


a (boneuntal) .... 8 4ii A 

6 (vertical, icpieaenluig thi* length of the luuo cull, parallel . 

to the fiber anv) 10 2 A 

c (foruuDg the angle with a) 7 9 A 

S 84* 


X-ray analysia also shows a considerable portion of a fibrous system 
of oellulose not to be crystalline. This portion of the system is aa- 
oribed to the amorphous part of the structure. The celluloee fiber is, 
therefore, regarded as a two-phase system, uonsisting of the same 
chemical materisl combined in two different types of physioal aggrega- 
tion. There is a crystalline region in which the chain molecules are 
thought to be arranged striotly parallel) and an amoiphoua region 
in which the «hMna jure less parallel. The term micelle is used to 
designate the crystalline regionB. The chain bundles sre thoutfit to 
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be separated by mtermicellar spaces of amorphous regions and these 
spaces account for the penetrability of the fibrous system by liquids, 
dyestuffs, etc. 

D. SIMILARITY OF WOOD CELLULOSE AND "TRUE” CFXLULOSE 

Hie nature* of ceUulose just discussed holds for ‘'true” cellulose. 
Wood contains cellulose as a principal constituent. During the proc' 
ess of enzymic decay of wood, by the action of wood-destroying molds, 
this constituent is degraded . Much interest has been directed toward 
the mechanism of the destruction of the cellulose fraction of wood 
during such decay. Part of the following presentation is concerned 
with the problem. Before embarking on such a discussion, however, 
it is advisable that we try to clarify certain aspects of the subject 
under consideration. Would, for instance, the nature of wood cellu- 
lose be identical with that of “true” cellulose? The properties of 
“true” cellulose have been attributed to wood cellulose too. It would 
seem that the two celluloses arc identical. Like cotton cellulose, 
wood cellulose is considered to be made up of glucose groups with fi- 
glucosidic linkages connecting positions 1 and 4. 

Several facts attest to the identity of the two celluloses. An indi- 
cation of the similarity is apparent from the fact that both are capable 
of aoetolysis. The work of Heuser and Boedeker (33) supports the 
hypothesis that wood cellulose and cotton cellulose are chemically 
identical. Wood cellulose which had been purified by means of 17% 
NaOH was hydrolyzed with fuming hydrochloric acid. A control 
experiment was carried out with cotton cellulose. In both coses, the 
rate of hydrolysis to glucose was very nearly the same. A triacetate 
which then was converted into methyl glurosidc by means of methanol 
and hydrochloric acid was obtained by Heuser and Aiyar (32) from 
spruce pulp. Analogous observations were made using cotton cellu- 
lose. Additional evidence supporting the identity of the two cellu- 
loses was afforded by the work of Wise and Russell (OO). Working 
with cotton cellulose and spruce cellulose, they obtained identical 
yields of cellobiose octaacetate after acetolysis of both. Similar 
nitrates and acetates have been found from both types of samples. 

These data ore but a few which support the contention that “true” 
cellulose and wood cellulose are identical. It is justified, then, to think 
of wood cellulose as possessing identical chemical properties with those 
ascribed to cotton cellulose. 
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ni. General Gonslderatloiu of the Enxyinlc Dedradatloii 

of Cellulose 

A. CONCEPT OF PRFaL.IMINAHY HYDROLYSIS 

Depending on the type of microorganum origmating the degiada- 
tion of cellulose, a variety of end products are obtained. Regardless 
of the organism causing tho breakdo^ of cellulose, it is generally 
surmised that an exocnzyme brings about hydrolysis of the insoluble* 
cellulose molecule to give rise to soluble glucose, which upon entering 
the cell is dissimilated intercelluiarly. 

The nature of tlus preliminary hydrolytic action is not fully under- 
stood. If it were to be assumed that the cellulose molecule was repre- 
sented by simple chains of glucose units linked through 1,4-d-idueo- 
sidic bonds, tho hydrolytic action might consist of chopping off 
terminal glucose units, with a consequent shortening of the chain. 
However, considering the probability of cross linkages holding tile 
chains together, it is conceivable that two distinct hydrolytic processes 
ore taking place: (/) one breaking the cross linkages that hold the 
chains together and (P) a second type of hydrolysis effecting the split* 
ting off of glucose units. The reason for such an assumption is that 
insoluble dextrins (chains of glucose units linked as in cellulose, the 
chains being shorter) con be utilized mure readily than cellulose by 
microorganisms that attack cellulose. 

M. THEORY OF OXIDATIVE DEGRADATION 

Another concept regarding the primary action of microorganisms 
on cellulose has been advanced by Winogradsky (88) . He considered 
the primary attack to be oxidative in nature. This theory was postu- 
lated on the basis of similarities noted by this investigator between 
the properties of filter paper attacked by ccllulose-dccompoeiug or- 
ganisms and chemically produced oxycellulosc. The suggestion was 
advanced that terminal carbinol groups were oxidized to aldehyde 
groups, and that these as well as primary alcohol groups were furtiher 
oxidized to carboxyl gruui)s. Thus, with cellulose (and wood) the 
increase in acidity in the culture media under the action of certain 
wood-destroying molds, e.g., tliosc belonging to the Polyporua and 
Mendiiu types, was considered by Liidtke (46) os one of the possi- 

* So far uothing is known ifgardiug tlie ineckauism of enzynw action on coluble 
HftlliilnHft obtaiiuia. according to T. lieser {CeUuloHdumie, 18, 121, 1040, or 
KoOmdrZ., 98. 142, 1B42)‘. 
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hilities due to the oridation of potential redu(% and hydrcajd 
groups to carboxyl groups. Artually, hon’over, this acidity is due to 
the produotioD of organic acids as metabolic* products of the action of 
these oigaaisms on wood. The nature of these compounds will be 
discussed later. 

Further objections to the oxyccllulose theory have been raised by 
Norman and Bartholomew (59) and Norman and Fuller (60). Ac- 
cording to them the concept of oxidative conversion is not feasible 
because it presupposes the existence of on oxidative exocmssrme system 
which is highly improbable. It is not likely that an insoluble oxy- 
celluloso would be formed initially since no energy could be obtained 
by the cell until water-soluble fragments were formed. And, too, 
the fart that under no circumstances was oxycellulose positively iden- 
tified as the product of the conversion of cellulose would midee the 
concept of oxidative degradation univurranted 

This theory being unlikely, there is reason to believe that the pri- 
mary stage of the degradation of cellulose is hydrolytic in nature with 
the ultimate formation of reducing sugars wliicli enter the cell and 
which are furtlier dissimilated to jdeld a variety of end products, de- 
pending on the enzymic equipment of the organism responsible for 
the destruction of the cellulose. 

Popofif’s studies established the formation of gases as the result of 
the natural decomposition of cellulose (70). The gases formed were 
found to lie methane and hydrogen. In 1B86 Uoppe-Seyler (35) re- 
ported his investigations in the same field. He was the first to use 
Swedish filter paper as a source of cellulose in his experiments. He 
confirmed that hydrogen may be fonuod together with methane dur- 
ing the fermentation of cellulose. Omelionsky (62) demonstrated a 
quantitative transformation of collulosi*, under aerobic conditions, 
into fatty acids consisting of acetic, butyric, and valeric acids, as well 
as COi and methane, lie gives the figures recorded in Table 1 for 
a cdlulose femieirtation by Bacillus ntethanigeim, The slight excess 


TABLE I 


Cellulufle I 

iingiarlBfcion produote 

Cellulose UJ9G(1 for expcriinoiit 

2 0815 g. 

Fatty acidfl 

1 0223 k. 

Itefildue 

0 0750 k. 

Carbon dioxide 

0 MTSk. 

Cellulow ulilued 

2 0065 g. 

Methane 

O 1372 k. 


Telal 


2 0278 g. 
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of recovered fermentation prodncta over and above the weight of 
ceiluloBe deoompoeed is regarded by him as within the liinlta of ex- 
p^nmental error. He also studied the formation of hydrogen from 
celluloee by the action of Bacillus fossieularum. The balance sheet 
in Table II is presented. In addition to the fatty acids, consisting 


TABLE II 


CdllulcMto 

DfigradJitioD products 

Cellulofie used fur Bxpuriment 
Residue 

Calluloso utilised 

caoco 

Fatty acids 2 2402 g. 

Carbon dioxide 0 9722 g. 
Hydrogen 0.0138 g. 


3 2262 k. 
Unidentified 0.1209 k 


Total 3.8171 R. 


of 1.7 moles of acetic to 1 mole of butyric acids, traces of valeric acid 
and of higher alcohols are formed. Utiliziog the action of Spiro- 
chaela cytophaga (84) on cellulose it was observed that carbon dioxide 
was the main metabolic product in addition to a mucilagenous ma- 
terial thought to be oxycellulose. 

Pringsheim (73) obtained 0.213 g. formic acid and 1.15 g. arctic 
acid, as well as a small amount of lactic acid. Out of 42 g. of cdlu- 
lose degraded, Peterson rf al. (80) found that 21.6 g. acetic acid, 10.5 
g. alcohol, and 11.0 g. carbon dioxide in addition to hydrogen were 
formed. Ethyl alcohol has been also found among the products of 
the anaerobic breakdown of cellulose by bacteria, by Khouvine (39), 
together with acetic and butyric acids, traces of lactic acid, carbon 
dioxide, and hydrogen. Working with Bacillus ceUulosae disaobmu 
she was able to obtain about 8% ethyl alcohol, calculated on the cellu- 
lose fermented. Grown anaerobically, this organism could not fer- 
ment any carbohydrate but cellulose. Table III is a balance sheet 
for a typical fermentation by this organism as presented by Khouvine. 

Glucose, too, has been obtained as a product of cellulose decomposi- 
tion. Thus, Imshenecki (37) has demonstrated that glucose is the 
first breakdown product in the anaerobic breakdown of cellulose by 
fhermophtUe bacteria, and it accumulates in the medium to the extent 
of 74% of the cellulose decomposed. Alcohol, acetic, butyric, formic, 
and lactic acids, together with hydrogen and carbon dioxide, are then 
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TABLE III 

CoNVBBBiON PnoomTH Obtained fob 1.012 Gramh Deobaded Celluijobb 


Acetic acid 

0 275 K. 

n-Butyrir acid 

0 033 K- 

Kthyl alcohol 

0 082 K. 

Carbon dioxide 

0 1827 K. 

Hydrogen 

0 0085k. 

Figmont 

0.0135k. 


0 5047 k. 

Unreroven'd produRtfi 0.4173 k. 


Total 1 0120 g. 

produced from the su|;ar. In an attempt to explain the formation of 
various acids, alcohols, and gases during the anaeroliic decomposition 
of cellulose, Lyman and Langwell (47) and Nouberg and Cohn (51) 
suggest the following mechanism, the reactions involved being hy- 
pothetical; 

+ (ti- > n(Ci,Ila()n) 

C’lJIaO,, + HiO ► 2((',IT«0.) 

2((',lI.jO,) + H*0 » 2('1L('H01I(’()()H + (’HjCOOII + 

(TI,(’n,()H + 2 rOj + 2 11 

2l']L(Tl,()ll » ClIjCOOIl + 2(’ll4 

2 CTI,rHOHC(X)II » (’1U ’1U’1I,( '00U + 2 ('(), + 2 H. 

COi + 4 H, » CIL + 2 11,0 

From a consideration of the above data it would appear that, in the 
process of degradation of cellulose by the action of microorganisms, 
a primary hydrolirtic action takes place whereby soluble monosac- 
charides arc produced. Depending on the organisms, the soluble 
carbohydrate is dissiinilated in the rcll, giving rise to the variety of 
compounds mentioned. 

Evidence in support of a primary liydrolytic attack during the 
action of mirriwrganisms in the destruction of cellulose has been of- 
fered. Of significance in this direction arc the findings of Fringsbeim 
(72). He postulated the existence of two hydrolytic enzyme systems, 
namely, cellulose and ccllobiase, the former producing cellobiosc from 
cellulose and the latter giving rise to glucose from the disaccharide. 
That cellobioBe appeared as on intermediate was shown by Prings- 
heim by raising the temperature to a point at which the enzyme 
which breaks down cellobiose to glucose becomes inactive while the 
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cellulase, the ensyme vrhich produces ceUobiose from cellulose, is 
still active. He also rqnirted the intermediate fonnation of cello' 
biose by the addition of antiseptics, particularly a 0.6% solution of 
iodoform in acetone. 

The fonnation of copper-reducing carbohydrates as intermediate 
decomposition products during the microbiological destruction of 
cellulose was foreshadowed by Euler’s experiments (18a) on the action 
of a juice pressed from Merdttis hcrymara on dextrine prepared from 
filter paiiei. 

IV. Biochemistry of Wood-Destroying Molds 

Regardless of the type of mold causing the destruction of wood, the 
cellulose portion is invariably destroyed. Although decay in wood 
and its prevention are matters of economic importance, little is known 
about the mechanism of the breakdown of cellulose by the activity 
of these microorganisms. Perhaps one of the reasons for the lack of 
knowledge of the mechanism of this destruction by fungi has been the 
inability to isolate intermediate breakdown products, which could 
help to indicate the phase sequence of the formation of degradation 
products and, perhaps, assist in visualizing the fate of cellulose, when 
wood is attacked by wood-destroying fungi. 

It is often stated that at least two types of wood decay are 
luought about l)y molds, namely, the brown and white rots. Li the 
former, preferential attack is made on the carbohydrate components 
of wood substance, and the lignin remains in the main unaffected, the 
decayed residue being brown in color. In the second type lignin 
seems to be the main 6ut>stratc of the mold and in the residue there 
are patches or "pockets” of a white substanee said to consist of pure 
cellulose. Campbell (16) subrlividcs white rots, on chemical grounds, 
into three distinct groups : (a) Wliite rols in which lignin and pento- 
sans are attacked in the early stages and in which incidence of attack 
on cellulobe is delayed, (b) White rots in the early stages of which 
both lignin and cellulose arc attacked but in varying proportions, 
(c) White rots in which cellulose with its associated pentosans are 
attacked in the early stages and the lignin attack delayed. The type 
names arc thus derived from the color of the residues after the attack. 

A elassificution of decay types based on the chemical effects of the 
fungus on the host is suggested in the work of Falck and Haag (46), 
Wehmer (86), and Baveudamm (4). These authors favor the use of 
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the terms '‘destruction*’ and “corrosion,” respectively, the former 
type to include all forms of hmgal decay in which the carbohydrates 
are preferentially attacked, and the latter to refer to the forms in 
which lignin is preferentially attacked. According to Wehmer the 
“destruction” type is brought about by the hydrolysis of carbohy- 
drates and in the “corrosion” t}rpe lignin is depleted by a process of 
oaddation. 

Independent of the type of enzymic attack on wood, that is, whether 
the destruction results in a brown rot or white rot, cellulose seems to 
be a substrate of the enzyme attack in both coses. 

Despite the fact that much work has been done on the study of 
wood decay by wood-destroying molds, comparatively few unequivo- 
cal and tan^ble facts are available in this field. The functional de- 
scription of certain enzymes present in wood-attacking fimgi appears 
to be somewhat haphazard (54) . This, in turn, seems to be due to the 
uncertainty of, or difiiculty in, making a clear-cut subdivision of 
wood-destroying fungi. As a matter of fact, Bose (9) claimed that, 
of the wood-rotting organisms, only about two dozen have been 
studied with regard to their enzyme activity. 

Waksman (89) states that the mechanism of cellulose degradation 
by bacteria and fungi is not fully understood because intermediate 
breakdown substances have been but rarely isolated; therefore, a 
postulation of the mechanism of the destruction of cellulose is not 
possible. On the other hand, Wehmer (85) aptly called the wood- 
destroying fungi the pioneers in a process which serves to reintroduce 
the gigantic wood waste into the basic cycle of utilization. 

The main interest of this laboratory has been, so far, centered on a 
consideration of the destruction of the cellulosic fraction of wood dur- 
ing the decay of wood by the action of this type of mold. A direct 
approach to the problem would consist in the isolation and identifica- 
tion of intermediate breakdown products. The objection to such an 
approach is at once obvious. Not only is the action of the organisms 
slow in bringing about the decay of wood, but it would also be dif- 
ficult to show that any isolated breakdown product has arisen from 
any one of the constituents of wood. 

Setting aside for the present the pertinent question as to whether 
cellulose is chemically combined with the lignin in wood, it was de- 
cided to study the action of wood-destroying fungi on cellulose itself, 
and several simple sugars, With some Imowledge available as to the 
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UrmwA breakdown producte of the action of this olaas of organisms on 
wood, it appeared that a rorrelation of these results with those ob- 
tained from a study of the breakdown of cellulose and the simple 
sugars could afford us a means of deducing a phase sequence for the 
degradation of the cellulosic constituent of wood during the decay of 
wood. The study of the degradation of the simple sugars by these 
molds has been undertaken on the assumption that a preliminary 
hydrolysis of cellulose occurs. Thus, it has been indicated that such 
a preliminary hydrolysiB of cellulose to cellobiose and glucose takes 
place during the biological decomposition of cellulose. 

Mendiiu hcrymana, a brown-rot type of mold known to cause ex- 
tensive decay of wood, has been shown to contain the ensymes cellu- 
lose, lichrnano, |9-glueosidase, and multase. Plootz (67) obtained 
pressed juice from M. lacrymam cultures, which, after dialysis, showed 
the presence of these enzymes. The fact, too, that the organism can 
effectively decay wood, the cclluloBic fraction preferentially, and 
cellulose itself, to give rise to oxalic acid in either case would justify 
such a correlation. Similarly, Coniophora cerMh, a mold also 
causing brown rot, is capable oi giving use to oxalic aoiil as a 
terminal decomposition product of wood, cellulose, and glucose. 

The one outstanding feature with regard to brown rot of wood is 
that, as a direct result of infection, the resiilue is rendered more solu- 
ble in sodium hydroxide than the original sound wood. In fact, 
Bray (14) has pointed out that in the case of brown rots, increase in 
alkali solubility serves os an index of the depletion ol cellulose. It 
has also to be noted that acid hydrolysis has the effect of increasing 
the alkali solubility of wood, and this fad 1ms led many to conclude 
that there must be a relationsliip between acid hydrolysis on the one 
hand and fungal decay on the other. 

The literature contains many references to the acid-foiming action 
of wood^destroying molds. Thus, Coniopliora cerebtUa has been 
found to form acetic, fonuic, citric, and oxalic acids (8) as degradsr 
tion products of the action of this mold on wood, Falck (19) claimed 
to have identified free succinic and malic acids and combined oxalic 
and tartaric acids as metabolic products of the same organism. The 
production of oxalic acid as a degradation product has also been dem- 
onstrated by Rabanus (74) as a result of the action of Foria vaiUantii 
on wood, and Merulvua laorymant, too has given rise to oxalic aodd 
as a metabolite. The production of adds by the action of the fungi 



272 


t. KOSD Ain> i. c. vtrtTcct 


on wood thus points to a preliminaiy hydrolytic action by the or* 
ganisms umilar to an add hydrolyins. 

Investigations carried out in our laboratoriPB corroborate this pre- 
liminary hydrolytic action by the molds in causing the degradation 
of cellulose. Thus, it has been demonstrated that Af . lacrymans, P. 
vaillaniu and C. cerebeUa give rise to appredable amounts of oxalic 
acid when they attack cellulose in the form of filter paper and surgical 
cotton. likewise, they are able to produce the acid by their action 
on glucose. Inasmuch as it has been demonstrated that the same 
organisms give rise to oxalic acid by their action on wood, it follows 
that a partial scheme of the formation of oxalic acid frmn the cellu- 
losic fraction of wood follows the pattern: 

Cellulose glucose » oxalic acid 

Supporting evidence for the hydrolytic action of wood-destroying 
molds on cellulose is afforded by the results of studies of the metabo- 
lism of the mold LerUinua leptdeua. llius, it has been reported that 
thb mold acts on wood (7) to give rise to methyl p-mctho^g^cinnamate 
as a metabolic pi'oduct. We have established that the organism is 
capable of producing the same compound via glucose. It would then 
appear that this fungus acts on w'ood, os W'cll as on glucose, to give 
rise to a synthetic ester as a metabolic product; this would appear 
to corroborate the theory of the degradation of the cellulose of wood 
via on introductory hydrolytic action. According to this concept, an 
exoensyme secreted by the microorganism causes the hydrolysis of 
the cellulose molecule. This gives rise to glucose molecules which are 
subsequently dissimilated by the enzymes in the cells of the organism, 
resulting in a variety of end products. Since it has been demon- 
strated that L. lepideiis produces methyl p-methoxydnnamate from 
glucose as well as from wood, it is only through a hydrolytic split of the 
cellulose that glucose can arise as a primaiy dissimilation product. 
Then by further action of the organism the compound is synthesized 
via the soluble glucose molecule. 

With the afore-mentioned background, it was considei'cd desirable 
to attempt an attack on the problem of the cellulosic degradation of 
wood by the action of wood-destroying molds, in an effort to arrive at 
a comprehensive picture of the fate of cellulose. With this in mind 
studies have been made of the dissimilation of cellulose, its hydrolytic 
product, glucose, and several other simple sugars. The action of the 
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foUovnng organiamB, oammcmly tenned wood-destroying fungi, has 
been studied: 


1 . 

2. 


4 


Merul*M nwfua 5. Meruhtu laerymant 

Mendiua tremeUotua 6. Porta vaillaniti 

Mmdiut wnftumi 7. Ltnttmu lejnieva 

Fomea annoaua 8. Lenalra aepiana 

9. Contophora eerrbeUa 


A. DISSIMILATION OP GLUCOSE BY WOOD-DESTROYING MOLDS 

Organisms 1 , 2, 3, and 4 belong to the group found to produce ethyl 
alcohol, acetaldehyde, acetic acid, and succinic acid as metabolic 
products, using glucose as substrate (54). Organisms 5, 6, and 9 
gave rise to oxalic acid as the tcxminal metabolite. L. sepiaria pro- 
duced ethyl alcohol and L lepidewt gave rise to methyl p-methoxy- 
cinnamnte and tiaces of ethyl alcohtd as metabolitcb (56). The for- 
mation of ethyl alcohol, acetaldehyde, acetic acid, and succime acid 
by one group ol organisms, on the one hand, and of oxalic acid by 
another group prompted the consideration of a correlation between 
the metabolites. 

Considering the first gioup, it was noticed that the ethyl alcohol so 
formed was subject to a dehvdii»genation, nheicby substantial 
amounts of acetaldehyde and acetic acid could be formed The isola- 
tion of acetaldehyde ivithout intcicoption, and of acetic acid, the ac- 
cumulation of which under anaerobic conditions amounted to four 
times that obtained aerobically, raised the question of the origin of 
these compounds. Alth ough tlie disappearance of et hyl alcohol, when 
given as a substrate, pointed to its direct dehydrogenation: 

Jl II 

fiv r -ofi 4 o. . ('ii» c o ■(- n o. (i) 

it would still be conceivable that two processes were inogressing 
simultaneously: (o) a dehydrogenation of the acetaldehyde so 
formed: 


Gllr 


UH 

< 1 - 

k 


OH 4 Oi 


ni 


oil 

I — 4 IbOj 


( 2 ) 



274 


F. F. NOBD Ain> 3 . C. YITVCCI 


or, and more so under anaerobic conditions, (b) a dismutation of two 
molerules of aeel aldehyde: 


OH 

Cn,-('’-OII + 0 *CH-CH, 


I'H 


UTI 

+ ('H,CILOU (3) 


resulting in the formation of acetic acid and alcohol. The succinic 
acid detected could be assumed to result from a dehydrogenation of 
the acetic acid funned: 



rooH 

I 

coon 

-2H CH, 

2 i 

* i 

cu. 

CUt 

1 


COOII 

Acetic aeid 

8ucriiuc and 


B. DFJn’DBOGENATXON STmiES IN THE PIUSSENCE OF 

IIESAZIJRTN 


The presence of a dehydrogenating enzyme system being indicated, 
it was decided to further establish its presence and to study its ac- 
tions. It appeared desirable, therefore, to utilize a dye which could 
act as an interagent in visualizing the progmss in a dehydrogenation. 
For this purpose resazurin, w'hich passt's through the following stages 
during reduction, w'as employed. 


■"'OCO" 

i 

llf'sazunn (blai) 



RosoiuFin (pink) 


- 2 

+2 I1+' 



Dibydrorcsorufin (oolorleBs) 


Inasmuch as the standard procedure for the preparation of resa- 
zurin provides for the possible admixture of some resorufin, the pres- 
ence of which at the begiiming of the dehydrogenation reaction could 
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aotidpate its enByinio fonnatiQn, it was deemed necessary to attempt 
a syntlieaiB (83) which enabled us to offset the probability of simul- 
taneous formation of this contaminant, llie synthesis is based on 
the following reaction : 


0=Aj-0H HO-jr^On Htfio. 


a-Hydroxy-1,4- 

quinone 


] -Ainiiio-2,4-n!<M]rrin 
liydrocnlorido 



-DM) 



The utilization of a strong oxidizing agent, sodium peroxide, excluded 
the possibility of the formation of resoru&i, and supplied us with the 
desired uniform product. 

Employing resazurin os an indicator in dehydrogenation studies, 
the dehydrogenation of n-sorbitol and of isopropyl alcohol by the four 
wood-destroying molds Merulius niveun, M. tremelloKUs, M, confluens, 
and Fames annosus was studied. The qualitative and quantitative 
course of the dissimilation of n-sorbitol bo the ketose was established 
by means of the Seliwanoff test and the Munson-Walker method. 
The course of conversion of isopropyl alcohol was ascertained by the 
identification of its dehydrogenation product, acetone, as the 2,4-di- 
nitropheuylhy ( Irozone . 

The detection of succinic acid as a metabolic product presented the 
problem of its possible role in the, mode of formation of the oxalic 
acid found as the terminal metabolic product of the other group of 
organisms. Assuming the succinic acid to arise via a dehydrogena- 
tion of acetic acid, as indicated by the discoloration of resazurin when 
incorporated in acetate medium, it would be possible for oxalic acid 
to arise as follows: 



rooH 

1 

cooil 

1 

COOII 

1 

COOH 

9 1 

-2 H —2 U 


IICX)H 

1 

dill, 

1 

j^ii 

1 

u 

1 


COOH 

COOH 

COOII 

Acetic 

add 

Succinic 

acid 

Fumaric 

acid 

MaJic 

acid 


o 


* 2 


rooH 

iooii 


Oxalic 

acid 



276 


F. F. NOBD AND J. C. VlTOCCl 


To Bubntantiate this mechanism the molds of the 6ret group (page 
273) were grown on a medium of sodium acctato. Resazurin, incor- 
porated in the medium, was discolored, indicating the presence and 
action of a dehydrogenating enzyme. Sodium oxalate was obtained 
as the only metabolic product. It would appear, then, that oxalic 
acid was formed by the action of the molds on the aretate medium, 
via a preliminary dehydrogenation. 

Although the consideration of the formation of oxalic arid via the 
pathway indicated appeared attractive fmd likely, it is not the onty 
pathway conceivable for the production of the acid from acetic arid. 
Bearing in mind that the postulation of such phase sequence is based 
partly on the observation of the discoloration of the dye when in- 
cluded in the acetate medium, it appeared that another mechanism 
could also be surmised. Thus, a dehydrogenation of acetic acid could 
give rise to glycolic acid. Consequently, it could be assimicd that 
the discoloration of rrsazurin indicated a dehydrogenation of acetic 
acid, resulting in the formation of buccinic acid, glycolic acid, or both 
as transition products in the production of oxalic acid. 11 would be 
conceivable, then, that iwo routes can be followed during the forma- 
tion of oxalic acid from acetic acid, namely: 



rooiT 

1 

COOH 

COOH 
! 1 

-2n Cib 

1 

V“ - 

d^Ht 

^ ill. 

1 

in 

1 

Api*1 ic 
acid 

COOH 

Surfimr 
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ruoH 
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COOH 



Acetic 

acid 



COOH 

1 



rn. 0 

COOH 
2 1 


HCOII 

1 

COOH 


COOH 

Malir 

arid 

Oxalic 

acid 

COOH 

ifiiOii 

Glyoolio 
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-2H^ COOH 0 

COOH 

1 

CHO 

Olym^lic 

COOH 

Oxalic 

add 
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In order to elucidate the mechaniBni of oxalic acid formation it waa 
neccaaary to distinguuh whether oxalic acid was formed via either or 
both of these pathwaysj and to establish wliich intermediary stages 
were passed during the genesis of the terminal acid. The solution of 
the first part consisted in the observation of the production or non- 
production of oxalic acid from succinic acid and glycolic acid, these 
acids being forerunners of ox^ic acid in the pathways indicated. Two 
means for the sol ution of the second problem were available ; a direct 
method consisting of the isolation of the transitory products, or an 
indirect approach, attempting the accumulation of oxalic acid from 
possible intermediates on the assumption that failure to produce the 
acid justified the conclusion that the substance did not represent a 
stage in the pathway to oxalic acid. The method employed for the 
solution of both asi)ects was to oljserve the formation or nonoccurrence 
of oxalic acid when the organisms were grown on media containing 
salts of the acids to be investigated os sole carbon source. The 
following groups of acids were utilized: 

(а) two-carbon acids: acetic and glycolic, 

(б) four-carbon acids: succinic, fumaric, and malic. 

The woorl-dcstroying molds employed in this investigation were 
munbeiB 1, 2, 3, 4 (see page 273). With the exception of 3, the or- 
ganisms were able to produce oxalic acid, obtained as a salt, from all 
the acids. 

The earlier inability to identify or isolate oxalic acid as a metabolic 
product when the organisms were allowed to grow on a glucose me- 
dium prompted the consideration that, perhaps, the acid was formed, 
and, being in a free state, may have been further utilized by the organ- 
isms. It was found that oxalic acid could be used by organism 1 
when in a free state, but not when added or present in the form of a 
salt. Perhaps, then, oxalic acid was formed when the organisms were 
grown on a glucose medium but, not being bound, it was further util- 
ized by the molds. 

The results attest to the production of oxalic acid from acetic acid 
via both pathways indicated. Although glyoxylic acid was not em- 
ployed as a substrate since it can give rise in vitro, by the application 
of heat, to oxalic add (16), the formatiou of oxalic acid from glycolic 
add, together with the discoloration of resazurin in the glyoolate 
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medium, presumed the intermediate formation of (dj^oxylic add as 
follo\TO: 


COOH 

1 

— 2 II rooir 

0 

COOH 
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ClIgOH 

CHO 


COOH 

Glycolic 
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acid 


The mechanism of acetate-oxalate transformation prooeeds, con- 
sequently, alouK the following two pathways (55) : 

j » BUcrinir acid » fumaric arid 

acetic acid 

I > idyi^olic arid » f^lynwHc acid 

A relationship has been established between one group of me- 
tabolites, namely, ethyl alcohol, acetic arid, and acetaldehyde and 
oxalic acid. Since the same metabolic products have been obtained 
from cellulose and glucose ))y the action of the wood-destroying 
molds listed, we venture to present a mechanism for the breakdown 
of the cellulosic fraction of wood by the action of these molds. On 
the basis of our findings, therefore, we postulate the following picture 
of the fate of cellulose when attacked by these organisms: 

cullulo&e — ♦ bIucuw — > ctli.vl alciihol — » acetic .icid — ► oxalic arid 

An extension of the picture presented here was obtained by studying 
the metabolism of these molds when lactic, pyruvic, dimethylsuccinic, 
and dimethylfumaric acids were used as sources of carbon. 

G. DliJSIMILATlOX OF (JELLULOBE liY WOOD-DESTROYING MOLDS 

The action of the above-mentioned organisms on cellulose, in the 
form of filter paper and surgical cotton, was also studied. The for- 
mation of traces of reducing material was observed; the nature of 
this product, however, was not ascertained because of the minute 
quantities. The products obtained by the action of those molds on 
glucose are also metabolites of their action on cellulose, and in some 
cases on wood. Thus organisms 1, 2, 3, and 4 give rise to ethyl alco- 
hol and acetic acid by their action on cellulose and glucose. Organ- 
isms 5, 6, and 0 give rise to oxalic acid by their action on wood, cellu- 
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low, and g^ucoae. Since the same metabolic products were obtained 
from wood, cellulose, and ^uoose, a meohaidsm postulated for Ihe 
cellulosic fraction of wood deduced from a consideration of the phase 
sequence of glucose dissimilation would be justified. 

Once again it appeared that a preliminary hydrolysis was required 
for the formation of the metabolites. In this connection it was 
thought of interest to examine the residual cellulosic material to de- 
termine whether there was an increase or a decrease in reducing power. 
If one were to assume a hydrolytic action similar to that of acids, there 
would be an increase in reducing power due to the formation of new 
reducing groups as a result of a splitting of 1,4 linkages. On the other 
hand, a cleavage of hemiacetal bonds might take place, with the result 
that the residual material would show a lower reducing power. Ac- 
cordingly, surgical cotton was exposed to the enzymic attack by Conio- 
phora eerebdla over a period of sixty days and examined at intervals 
with the aid of the method of Hiller and Faesu. Contrary to their 
results obtained with dilute acids it was found (58) that the reducing 
power of the attacked cellulose sample increased as the oxalic acid 
content increased. This would indicate that the mold effects a split- 
ting of 1,4-glycosidic bonds giving rise to new reducing groups. Con- 
sequently, such action overshadows that which would effect a splitting 
of hemiacetal linkages. 

V. Role of Lignin in Enzymic Degradation of Cellulose 

In any consideration of the enzymic decomposition of cellulose, 
especially as a constituent of wood, it is important to bear in mind the 
possible influence of another constituent, lignin. It is generally as- 
sumed that in the development of the cell walls of woody tissues of 
vascular plants a change takes place whereby the cellulose becomes 
lignified. This consists in the addition to the cellulose of a substance 
or a group of compounds generally designated as lignin. Lignin is 
defined as that part of the wood which is obtained as an insolubie ma- 
terial when the carbohydrate-containing substances, remaining after 
removal of the tannins, resins, fats, etc. by extraction, are treated 
with strong mineral acids. 

A. INFLUENCE OF LIGNIN ON DESTRUCTION OF CELLULOSE 

It is common knowledge that plant materials are lees readily de- 
composed as the extent of lignification increases. The attack of in- 
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tact wood and timben by many baddiomycetes, however, is not 
greatly hampered by the presence of lignin. 

At present a disagreement exists as to whether or not the presence 
of lignin has any retarding effect on the degradation of cellulose, as 
in wood. Thus, some bacteria which readily attack cellulose seem 
to be without effect on wood. Olson, Peterson, and Rherrard (61), on 
the one hand, have demonbtrated that small amounts of lignin inhibit 
the attack on the cellulosic constituent. Only after practically all 
the lignin has been removed (the lignin content of wood must be less 
than 19() was the cellulose attacked. On the other hand, Virtanen 
et al. (81,82) presented findinp contrary to these. It was demon- 
strated that mechanical grinding is an important factor allowing for 
the decomposition of the cellulosic fraction of wood. The smaller the 
particle size in wood flour the greater was the extent of degradation of 
cellulose. The inability of certain bacteria to attack the cellulobic 
constituent of lignihed materials is due, then, merely to the unsatis- 
factory penetration of the host. It was shown by these workers that 
lignin-rich pulps prepared in the laboratory are fermented by thermo- 
philic bacteria. Hpruce wood which had becai only partly cooked 
with calcium bisulfite liquor and had retained most of its lignin could 
be decomposed. Partially delignificd wood containing 24.4‘/c lignin 
(compared with 28.3% originally present) could he destioyed to an 
extent of 35% , while wood still letaining 18.5% lignin could be de- 
composed to an extent of 80%. It would appear, then, that al- 
though a cooking procedure facilitated the subsequent attack, it is not 
absolutely necessary to remove the lignin. 

B. ORIGIN OF LIGNIN 

While the question of the origin of lignin is still unsettled, there is 
some consideration of the possibility of its arising from carbohydrates. 
Many suggestions, some of which are purely speculative or are based 
on evidence of indirect or fragmentary character, have been advanced 
to explain the nature of the precursors of lignin and of the meclianism 
of the Bsmthesis of lignin in the plant. Several investigators have ad- 
vanced the view that lignin is formed by the plant from cellulose 
through a process involving methylation. It was thought that the 
plant could form lignin from pentoses. Klason (42) considered that 
dihydrm^cinnamic acid, a compound which ultimately was converted 
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into lijpim, wu derived from two moles of pentoses in the following 
manner: 

2 C»n, A ► CiH, A + 5 HiO + COi 

He considered the methylation of hydroxyl groups to take place 
through an interaction with formaldehyde. The formaldehyde, sup- 
posed to be formed ns a result of a photochemical synthesis, methyl- 
ated the hydroxyl groups as follows: 

ROH + C!H,0 ► ROCH, + l> 

The hypothesis that lignin is formed by the plant from pentoses or 
pentosans was advanced by Bassow and Zscheuderlein (75). They 
based this on the fact that hemp and flax rich in lignin were low in 
pentosans, and vice versa. Another sehool of investigators has sug- 
gested the possibility that soluble earbohydrales, pentoses, methyl 
pentoses, and hexoses may be used by the plant ui the formation of 
lignin. Wislieenus (91) held the view that fructaoe was used in the 
synthesis of lignin. Phillips et al. (65) advanced the hypothesis that 
the plant builds up lignin directly from sucrose. In their studies on 
the lignification of barley and oat plants they showed that, although 
the percentage and absolute quantities of the lignin increased as the 
plant developed and matured, tho absolute quantities of cellulose and 
pentosans did not deciease but rather increased. At no time was 
there any indication that the plant synthesized lignin at the e^qiense 
of either of the above-mentioned carbohydrates. Although it is 
postulated that the plant builds up lignin directly from sucrose, no 
mention is made as to whether both the glucose and fructose residues 
of the disaccharide are used up for this synthesis, or fructose alone, as 
Wislieenus opineil. 

Essential in any synthesis of lignin is the ))roduction of a substance 
or substances posschsing hnuly bound methoxyl gi'oups. These are 
assumed by Plullips ei al. (66) to be formed in the splitting up of car- 
bohydrates by a process of hydrolysis, oxidation, reduction, and de- 
hydration. 

On the basis of investigation carried out in our laboratories we are 
in a position to support the hypothesis of the fonnation of lignui from 
the carbohydratos of wood. Experimental evidence fur our stand 
will be presented in the latter part of tho discussion. 
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C. NATURE OF LIGNIN 

Constituent Groups. While the chemical structure of lignin has 
not been categorically established, investigators in the field ore 
agreed that the basal carbon skeleton of lignin is that of phenyl- 
propane. 

Although the composition of the lignins isolated by different means 
varies slightly, certain common data can be obtamed from their 
study which would help to give an insight to the structure of this 
material. Tlie e\'idpnce of the ajipearance of aromatic groups in 
lignin definitely establishes it os aromatic in character. Of the 
typical groups contained in lignin, the presence of aromatically 
bound methoxyl groups has been ascertained. It has been estab- 
lished that both phenolic and hydroxyl groups are contained in the 

TABLE IV 

Elementary CoMPuhiTioN ov VARionb Lignin Preparations 


fiouroe 

Mpthod 
of Holn- 
lion* 

Cai bon, 

% 

HydroKrD, 

% 

InyrbtigntnrH 

Spruce 

A 

(13 9 


Klason 

rir 

A 

64 9 


KoniR 

Beech 

A 


5 0 

Kdliig 


B 

62 4 

6 i 

Ueuser, Schmitt, and Gunkel 


B 

64 0 

5.3 

llaggiund 


B 

02 0 

5 2 

Kbnig aud Rump 

Beech 

B 


6 2 

Kanix and Rump 

Spruce 

c 


6.0 

Urban 

Wood 

C 

r»4.7 

a 5 

Froudenlx^rg and Harder 

Fkx 

1) 

03 9 

5 8 

Po^oLl and Whittaker 

Larch 

D 

63 8 

5 2 

tt (1 if 

Pine 

D 

63 4 

5 6 

fC II If 

SpruTO 

D 


5 5 

tf If fl 

Abh 

D 

63 2 

5 6 

ir If ff 

Birch 

n 

03 2 

5 5 

fC It If 

Poplar 


63 3 

5 8 

If 11 II 

Com cobs 

D 

62 5 

5 0 

Plulhps 

Oat hulls 

D 

04 4 

5 2 

if 

Oat straw 

D 

01 H 

5 4 

Phillips and Goss 

Wheat strain 

U 

01 8 

5 5 

If If fC 

Rye straw 

1? 

63 0 

5 6 

Bei'kmann ei al. 

Corn cobs 

E 

61 1 

5 8 

Phillips 

Oat straw 

r: 

62 6 

6 2 

I'hillipb and Goss 

Wheat straw 


62 2 

0 9 

If (1 If 

Spruce 


63 6 

5 7 

Freudenbeig ei al. 

Spruce 

G 

63 6 

6 2 

Brauns 


* A, sulfuric acid method. B, fuming hydrochloric acid method. C, method 
of Urbau. D, aqueous sodium hydroxide melhod. E, alcoholic sodium hydroxide 
method. F, Freudenberg cuprammonium method. G, alcohol extraction method 
without use of an acid. 
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molecule, and a variable proportion of them are methylated. One 
of the four hydroxyl ((roups considered to be available is phenolic 
in character, since it has been found that lignin preparations are 
soluble in dilute alkali from which they ore precipitated by carbon 
dioxide (11,13,24). Although the presence of a carbonyl group has 
been the subject of dispute for many yeaiu, several investigators 
contributed evidence to support this view (11,17,71). Carboxyl 
groups are not regarded as being constituents of lignin. At present 
the molecular weight is considered to be about 840. A final decision 
as to the molecular structure of lignin awaits additional investiga- 
tion. 

Blementoxy Composition. The elementary composition of the 
lignin complex vanes somewhat with the source and with the 
method employed for its isolation. Table IV presents a few of the 
results of the elementary analysis of various isolated lignins (64a). 

D. NATURE OF LINKAGE BETWEEN t’ELLlILaSE AND LIGNIN 

IN WOOD 

1. Evidence of Physical Union 

The probability of an inhi luting effect of the presence of lignin on 
the decomposition of the cellulosic constituent of plant materials, by 
the action of microoiganisms, prompts the consideration of a union 
between them. Thus, a widespread controversial problem existing 
today is whether hgnm in wood is in an intimate physical union with 
cellulose or is chemically bound with the cellulose. There ore numer- 
ous investigators who support both sides of the question. Most of 
the evidence advanced to support oithei side, however, is fragmentary 
and indirect. 

As early os 1920 Herzog and Joncke (29,30) showed that cellulose 
had a definite crystulluie structure which was qualitatively the same 
regardless of its source. They leportcd for cellulose from cotton, 
ramie, wood, jute, fax, and linen identical powder patterns. They 
showed that lignifiod wood also gave a cellulose pattern. It would 
appear, then, that the lignin is adsoibed on the surface of the cellu- 
lose crystallite, probably, and not chemically bound. 

In the HftTnft vein of thought, the unit cell of cellulose has been shown 
to be so small that the introduction of even a single phenylpropane 
nucleus would probably crowd it to the point of disintegration. The 
results of numerous x-ray studies have established that the cellulose 
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macromolecules in wood are crystallized aicamst eopch other to form 
BUbmicTOBCopic crystallites in which the dimensionB of the unit cell 
are 10.2, 7.9, and 8.45 A. 

2. Evidence of Chemical Linkage 

Evidence of a chemical nature which sited some light on the nature 
of the combination between cellulose and lifpiin was presented by 
Brauns (12). His investigations indicated that a small portion of 
the total lignin of wood (spruce) existed in a free state. Ethanol, 
used at room temperature, extracted up to 2-3% of the weight of 
wood used (or 8-10% of the total lignin content). Inasmuch as the 
conditions of the extraction were chemically inert and, too, the chemi- 
cal studies established the extracted material as having the typical 
chemical properties of lignin, it was considered that this small fraction 
of the total lignin existed in a free state in the wood. Brauns gave it 
the name “native” lignin. 

Additional extraction studies supported the contention that lignin 
originally does not exist chemically bound in wood. Thus, lignin 
can also bo extracted by aqueous solutions of butanol and umilar 
alcohols, provided the temperature is 120° or more (1). Bailey (2) 
digested aspen and jack pine woods in butanol-water mixtures buf- 
fered to prevent hvdrolysis. By this method he was able to remove 
all of the lignin from aspen and 80% of the lignin from jack pine. 
These studies, then, support the view that the lignin extracted was 
not chemically boimd with the cellulose of woods. The previously 
mentioned investigations of Yirtanen et al. (81,82) also support the 
concept of a nonchemical union between lignin and cellulose. This 
group demonstrated the inability of certain thermophilic bacteria to 
attack the cellulosic fraction of wood, denying tho existence of a 
chemical linkage. 

While the research referred to above supports the assertion of the 
nonexistence of a chemical union between cellulose and lignin of 
wood, it has introduced a note of scepticism, and has even added 
some weight to the alternate hypothesis of a chemical linkage. Thus, 
the inability of Brauns to extract the remaining 90% of the lignin 
would indicate it is not in a free state. Too, Bailey was able to re- 
move the residual 20% jack pine lignin, not extractable with the 
butanol-water mixture, by adding 2% caustic soda to the butanol- 
water mixture. This fraction of the jack pine lignin was considered 
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to be ehemically bound. The fact that more draetic chemical pro- 
oedilres are required for the isolation of the total lignin would point to 
a probable chemical linkage with the cellulose. 

Ehridence for such a linkage between lignin and cellulose has been 
afforded by the research of several workers. Phillips (64) fraction- 
ally extracted the former from com cobs by 2% alcoholic sodium hy- 
droxide solution at room temperature, by aqueous sodium hy- 
droxide at 100° and 155°, and finaUy by 4% aqueous sodium hydroxide 
at 180°. Each metho<l of extraction was continued until no further 
lignin was obtained, before the next method in the series was em- 
ployed. On the basis of these studies Phillips concluded that the 
lignin in com cobs is unequally combined with the carbohydrates, 
part of it being loosely held, probably in the form of an ester, and the 
remainder being more firmly held, possibly in the form of an ether-like 
union. It would appear that there is no alkali lignin present in com 
cobs in the free state, for extraction with a solvent such as a 2: 1 
acptone-ethanol mixture, which is an excellent solvent for free alkali 
lignin, fails to yield any lignin. 

The investigations of Harris, Sherrard, and Mitchell (25) added 
weight to the concept of the existence of a chemical linkage. On 
methylating maple wood with dimethyl sulfate and caustic soda, thsy 
found that the lignin isolated from the methylated wood was un- 
changed in methoxyl content, although the concentration of alkali 
was sufficient to allow for the inethylation of the Isolated lignin. 
However, upon first subjecting the wood to a mild hydrolysis with 1% 
acid, the lignin was methylated tn situ. This could mean that the 
lignin hydroxyl groups were masked by the union of the lignin with 
other constituents of the maple wood, and these were liberated by the 
hydrolysis. 

Weak evidence to support a lignin-cpllulose chemical linkage was of- 
fered by Ploetz (68). The digestive juices of the Weinberg snail 
{Hela pomatia) were known to contain the enzymes cellulsse, liohen- 
ase, and cellobiase, and the purified solutions were capable of convert- 
ing cellulose to a water-soluble condition, fiegenerated cellulose 
was also found to be solubilized with ease. On the other hand, the 
carbohydrates in mature wood were found to be resistant to the action 
of the enzymes. Ploetz inferred that this resistance was caused by 
mBftbif.iiip.ii.1 factors or by the protection afforded by a combination 
with li gnin- Later research semned to support the lattw reason. 
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Finely divided Undenwood was deftrailed with cupri-cthylenediamine 
Rolutian, and the extract acidified. 'Hie precipitate from the acidi- 
fied extract waR very easily degraded by enzyme preparations, giving 
residues whose composition corresponded to a lignin: carbohydrate 
ratio of 1 : 1. The n>sidual wood which was insoluble in the solution 
was attacked only with difficulty, the degradation ceasing when the 
ratio of lignin to carlmhydrates reached ] :3. Ploetz deduced that 
the lignin of wood consists wholly, or at least in part, of “lignin- 
carbohydrate” combinations, the 1:3 combination being a higher 
structural unit from which the 1 : 1 complex is derived. In evaluating 
the results of this investigation it must be borne in mind that the 
lignin may have l)een stnicturally altered by tlie cupri-ethylenediam- 
inc treatment. 

Moreover, while working uith cottonseed hulls, Smith and Purves 
(79) obtained additional indii’ect evidence to support the nonexist- 
ence of a lignin- cellulose chemical linkage (^nisned cottonseed 
hulls, extracted with alcohol- benzene, were ground in a ball mill and 
the less fibrous portion W'as sepurat(‘d by sieves and by sedimentation 
from water into coarse and fine fractions. These were analyzed by 
standard methods for pento.sun, uronic anhydride, and lignin. While 
the original hulls contained pentosan, uronic anhydride, and “lignin” 
to the extent of 27, 6..'}, and 2o' , , the corresponding tigurra were ap- 
proximately 3, 9, and 50' , foi the finest fraction and 40, 6, and 24' f 
for the coarser ones. The “lignin” spoken of was insoluble in 72^ ( 
sulfuric acid and dilfers from similarly prepared w'ood lignin in that it 
is inethoxy free. The lesults obtained indicated that the pentosans 
and “lignirj” were present as indepemlent separate chemical entities, 
both of which contain uronic anhydride. 

While admitting that some evidence has been presented which cor- 
roborates both tho existence of chemical linkage and a physical 
lignin-carbohydrate miion, the balimce would nut seem to support the 
presence of a chemical linkage. One can take the evidence of Brauns 
(1 1) to mean that at least part of the lignin of wood is in a free state. 
At least, then, we cannot deny that there is a basis for the nonchomicol 
union concept. The evidence presented to sup])ori the chemical 
linkage theory is indirect in nature. And, only because it docs not 
favor support of the hypothesis of a nonchemical union is it used to 
uphold the alternate view. 

Thus, Phillips (64) ossumiw that tho lignin in com cobs is unequally 
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combined, pomibly in the form of an ester, and the rest more firmly 
held, probably in the form of an ethor-like combination. This eon- 
clnsion is based on the fractional extraction from com cobs of lignin 
by the use of voryinK concentrations of caustic soda at several tem> 
peratiu:es. It is difficult to reconcile his conclusions with finriing a of 
other investigators, however, since it has been established that lignin 
does not contain any carboxyl groups which could allow for ester for- 
mation. 

Among those investigators who have accepted the view that lignin 
is chemically linked with cellulose or with the other carbohsrdrate 
materiab, much difference of opinion prevails regarding the manner 
in which this union exists. One school of thought, of which Erdmann 
(18) and Lange (45) were members, assumed that an ester-like linkage 
exists. On the other hand Iloppe-Seylor (36), Grafe (23), and Mehta 
(48) held the view that then' exists on elher-like union. 

Taking into consideration the reactive groups in cellulose and lig- 
nin, the possibility narrows down to one tyi)e of linkage, that of an 
ether-like type. There are strong reasons against the alternate ester- 
type linkage. A linkage of the ester type is only possible when one of 
the constituents possesses marked acid properties. This is not the 
case with lignin. Carboxyl groups have been shown nut to exist 
in the lignin molecule. 

The ether-type linkage which could result from the hydroxyl groups 
contained by both classes of compounds would probably be too stable 
to be cleaved by the not-so-drastic procedures by which lignin is iso- 
lated. Assuming on acetal type linkage between lignin keto and car- 
bohydrate hydroxyl groups, such a union would be improbable, too, 
because bonds of this type are usually stable to alkali. Much lignin 
is extracted from plant materials by the use of alkali in mild condi- 
tions. And for the same reason fdycosides engaf^g aliphatic hy- 
droxyl groups in the lignin molecule are unlikely, although Mehta 
(48) favors the view' that lignin is present in combination with cellu- 
lose and certain polysaccharides as a glucoside. 

The views of both schools of thought concerning the linkage be- 
tween lignin and cellulose in w'ood have been presented. It would 
appear that the balance is in favor of the nonexistence of a chemical 
linkage. For, while it cannot be denied that at least part of the lignin 
is in the free state, the inability to isolate the remaining part of the 
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lignin by the same chemically inert method may be due to a phyncal 
phenomenon. 

Unless one assumes the presence of an enzyme system capable of 
splitting the hypothetical cellulose-lignin chemical linkage^ the action 
of wood-destroying molds on wood, free cellulose, and glucose produc- 
ing identical breakdown products would support the contention of 
the nonexistence of a chemical union. 

An interesting and plausible interpretation roucorning the morpho- 
logical relationship of lignin and cellulose in the cell wall of fir trees is 
offered by Kisser (40). lie assumes the lignin to fill in the voids in an 
interlocking capillary system which exists in the framework of the 
wood. Thus, the inability of Fotnes hartigii to attack rapidly the 
tangential walls of fir is due to this low degree of lignification. 

K. ('ONSTITUTION OF LIGNIN 

Although frequent mention of lignin has been made in the preceding 
part of this presentation, it should be kept in mind that knowledge of 
the chemistry of this substance is incomplete and any attempt to as- 
sign a definite constitutional formula to lignin is unwarranted. At 
the present time no clear-cut picture could demonstrate its molecular 
structure. A number of structural formulas have been proposed but 
as yet none has been accepted as truly representative of the compound. 

In any attempt to visualize lignin structurally it is equally agreed 
that the compound should have a molecular weight of about 840, 
several hydroxyl grouiw, several methoxyl groups, one enolic, one 
phenolic, and one carbonyl group. Too, it is generally accepted that 
lignin may in large part be built up of phenylpropaue building units 
with phenolic hydroxyls or metho^^ls in the 3,4 positions. 

It is agreed that of the chemietd methods employed to obtain lignin 
no method is known by which it can be isolated unchanged. By all 
chemical niethods applied, a lignin ])reparation is obtained which is 
no longer identical with native lignin. Brauns' native lignin would 
appear to be the exception. 

Several lignin samples prepared in diverse ways have been obtained 
which approximate these demands and which are in themselves simi- 
lar. Paschke (63) isolated lignin from straw by digestion with sodium 
carbonate. Tlie empirical formula CuHaOxi was assigned to this 
product. In 1921 Beckmann and Liesche (and Lehmann) (6) ex- 
tracted lignin from winter rye straw using alcoholic sodium hydroxide. 



IftCiROlnOLOOtOAli fisClRAOAltON Of OBLLtLOSfl 


280 


Ite molecular weight waa of the order of 800 and its oompoeition cor> 
responded to the formula OmHiiOu, this unit containmg four hydro:^! 
and four methoxyl groups. Its detailed formula may be written as 
in I. 


cn,o 

"I OH 


('HiO 

CHiO 

('wHaOr {jj 

a) 

OH,0 

J OH 



C'^HmOii (molecular weight 764) 


Powell and Whittaker (71) isolated liguin from flax shives by diges- 
tion with Bodiiun hydroxide. The formula for flax lignin which cor- 
responds to all the anal 3 rtical data is CaH 4 (Oit. The molecule con- 
tarns four methoxyl groups and five hydroxyl groups capable of acetyl- 
ation. That three of these groups are phenolic in character is shown 
})y the faet that not more than three additional methoxyl groups can 
t)e introduced. The compound reduced Fehling’s solution on warm- 
ing, thus indicating the presence of an aldehydic group in the mole- 
cule. Therefore, the formula for this lignin is II. 


rn,0 

CIliO 

(:n,o 



OJI 

OH 

OH 

OH 

oil 

<v 0 

Tl 


(ID 


(VHnOiti (n\i>li>rulai uoikIiI HID 


Philli)ih (04) ihr)latcd lignin from com eolw enjploying the same 
medium. The data obtained iiidieate that Ids lignin is a fairly homo- 
geneous sntistanee or mixture of eliwely related isomers. Analysis 
of this material gave fhe following resiills: C, 61.08%, 61.24%; 
H, S.OP , , 5.8.5% ; inolecular weight, 755. From a considoralion of 
all the data, the formula () 4 oH 440 it was assigned as the most probable 
one fur this lignin fraction from eorn cobs. The molecular weight 
and the percentage compusitiun calruliited for a coinpoimd of this 
formula an*: inolecular weight: 782.5; (J, 61.36%; H, 5.92%. 
Therefore, the extendinl formula is 111. 



(HI) 


('*H 4 >Oit (uiiiliTuJiii MrigiS 78:2 5) 



290 


F. F. NORD AND J. C. YITUCa 


A aimilar lignin preparation waa obtained by Brauns and Hibbert 
(13), by extracting spruce wood meal with absolute methanol in the 
presence of hydrochloric acid. From the elementary analysis they 
^arrived at the empirical formula CiTHuOu- In a deployed form it waa 
represented by IV. 


OHjO 

- 

on 

CH,0 


OH 

(TLO 


on 

(Tf.O 


on 

GILO 

- 

OH 


(IV) 


f flHuOit (molrrular wciabt 872) 


The above-designated lignin preparations all show some similarity 
to Brauns’ native lignin, although it is assumed that they underwent 
some change during the various procedures of isolation. Inasmuch 
as the conditions of the extraction were chemically inert, it is assumed 
that this small fraction of the total amount of the lignin of wood is 
truly representative of the unchanged native lignin. Analytical 
data for native lignin point to on empirical formula CmHmOu and a 
molecular weight of 840. The presenee of four methoxyl groups and 
five hydroxyl grouf^s was indicated. One of the hydroxyl groutw was 
assumed to be enolic in chiuacter. Thus, Brauns elauned to have 
established the ])resence of a carbonyl group by preparing a hydraaone 
(13.3^c methoxyl). His formuLation for this native lignin involvra a 
keto-cnol isomerism which is reprchcntcd by V. Such a fonnulation 
agrees well with the analytical data enmassed. 


CH,0 

- 

on 

i’n,o 

- 

CH,0 


on 

('H,0 


CHiO 


OH ;= 

=t ('H,0 

(«Un()h 

CHiO 


on 

GILO 


- - 

- G=0 






('mIIiiOii (molerolar weigh) 840) 


Oil 

on 

(HI 

OH 

:(’ OH 

I 


(V) 


F. (’ONTRIBUTIONS OF ENZYMK STUDIES TO THE I.IONIN 

PROBLEM 

]. Biochemistry of Merulius lacrymans 

Prior to Brauns’ (1939) sncc(>ssful attempt to isolate lignin from 
wood in an unaltered state by the use of a chemically inert extraction 
process, Bartim-Wright and Boswell (3) obtained a lignin preparution 
very similar in constitution (o native lignin. These workeivs wera 
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concerned mth the biochemietry oS dry rot in wood. Primarily 
they wen interested in an investigaiian of the products of decay of 
spruce wood rotted by MeruUus Zocrymons, a brown-rot type of wood- 
destroying fungus. Being a brown-rot organism, it was expected that 
the cellulosic fraction of the wood would be consumed. The results 
of Table V substantiate this. 


TABLE V 


Treatment 

Bound wood,* % 

Deoayed wood, % 

Extracted benzene 

1.70 

1.48 

alcohol 

1.60 

10.80 

water 

2.50 

8,00 

6% NaOU in cold 

3.80 

10.10 

Cellulose 

55.00 

0.88 

Lignin 

28.00 

40.00 

Mannan 

7.60 

0.00 

Galacian 

0.10 

0.00 

Total 

100.30 

00.16 

Adi 

0.86 

0.61 

Natural moisture 

10.00 

17.80 


' Calculated on the basis of ash-free material dried at 100 


The removal from wood of ceUulosD (and of the nonceUulosic car- 
bohydrates) by the action of tins fungus on Norwegian spruce wood 
suggested a method by which lignin in its original free state could 
be isolated from wood. It could be presmned that such a preparation 
might be identical with Brauns' lignin. A lignin body obtained 
from wood which had been decayed by the wood-destroying fungus 
Meruliiia lacrymana to the extent indicated in the above table was ob- 
tained. It seems to us that a definite similarity in structure between 
the two samples of lignin obtained by Brauns and the British authors 
exists. 

M. lacrymami was able to destroy the major part of the wood, leav- 
ing the lignin component unaffected. A homogeneous lignin prepara- 
tion was extracted from the rotted wood with alcohol. After removal 
of the solvent, a product was obtained which was soluble in acetone, 
giftfliftl acetic acid, and sodium hydroxide solution, and insoluble in 
bensene and low-boiling petroleum ether. It was precipitated from 
acetic acid by the addition of water or from sodhun hydroxide 
Bolutiou by the addition of hydrochloric acid. The substance re- 
duced Fehliug’s solution and the presence of an aldehyde group was 
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confinned by the preparation of an oxime. The following analysu 
was obtained for the parent compound: C, 63.05%; H, 6.11%. A 
molecular weight determination showed the compound to have the 

TABLE VI 

Ck)lfFOAITION or “SlMILAa” Lignina 


Author 

Source 

Method of 
iHolation 

Molecu- 

lar 

weiEht 

Formula 

Puchke (63) 

Straw 

Digestion 

with 

NasCO, 

765 

c;«u..o.. 

Beckmann and 
Lipflche (5) 

Winter 

rye 

straw 

Ale. NaOH 

764 

CILOr 

CH,(M 

(^HjO ('.HnOb 

CHiOL J 

('«Hi,0„ 

OH 

OH 

OH 

OH 

Powell and 
Whittaker (71) 

Flax 

aluveti 

Aq. NaOH 

844 

CH,0 

(111,0 

011,0 

Cll,U 

C,oII iiOi 

04,114.0,, 

Oil 

OH 

Oil 

OH 

Oil 

-0==0 

H 

PhilliiiB (64) 

Oom 

cubs 

Aq. NaOlI 

782 6 

CHiO 

CU,0 

CH,0 

r 

04,114,0, ()H 

L JoEI 

CuH4,Ui,0H 

Brauna and Hib- 
bert(13) 

Spruce* 

wood 

CHiOHwith 

HClas 

catalyst 

872 

CH,0| 

CIliO 

CH,0 

Olid) 

CHiOl 

CiiHarOg 

GirHuOia 

OH 

OH 

on 

OH 

OH 

Brauna (11) 

iSppui'e 

wuod 

Bpruee 

wood 

E\trar1iun 
with alecH 
hul 

840 

011,6 

CH40 

CH,0 

0H,0 

C4,IInO. 

C4«H4l|Oib 

Oil 

OH 

OH 

OH 

- 0-4) 

1 

BartoD-WriKhi 
and Boswell 
(8) 

Alcohol ex- 
tract of 
deeaved 
wood 

834 

~(3if,6 

GILO 

04,H«0, 

C44H|^II 

OH 

OH 

OH 

OH 

-0=0 

i 
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compoeitioo CmHioOu. Such a compound requires: C, 63.3%; H, 
5.99%. An analysis for inethoxyl content showed the product to 
contain two methoxyl groups (CHiO, 9.2fl%). The presence of four 
hydroxyl groups was indicated by the preparation of a tetrabensoyl 
derivative (found: C, 69.0%; H, 6.6%). CmH 4 iOu(OCOC(H |)4 re- 
qiiires C, 69.1?{ ; H, 5.28%. The product appeared to be perfectiy 
homogeneous since all attempta to separate it into different fractions 
failed. 

Uninfected wood treated in a siniilar way did not give rise to an 
alcohol-soluble fraction. It must be assumed, therefore, that the 
above product is the "result” of the action of Mervliw lacrytnaru on 
spruce wood. The extended formula of the compound can ho written 
as in VI. 


ril,0 on 

cHjO CuTuo, on 

OH 

OH 

— c=o 

ll 

C44lI^o()l4 (molecular weight 834) 


(VI) 


In Table VI data ore presented for various "similar” lignin prepara- 
tions. Although the isolation methods vary, the differences among 
the samples do not api)ear to be too groat. It would be conreivable, 
then, that the efforts of additional research on any one of these prepa- 
rations should contribute definitely toward the elucidation of the 
complete chemical structure of lignin, 

2. Biochemistry of Lentinus lepideus 

In that part of the discussion dealing with the possible origin of 
lignin some speculation was presented as to the possibility of its aris- 
ing from the carbohydrates of wood. During the course of the study 
of the biochemistry of wood-destroying molds an interesting observa- 
tion was made which would support such a hypothesis. Reference 
is made in the literature (7) to the formation of several aromatic 
compounds containing methoxy groups by the action of a wood- 
destroying fungus, LetUintu lepideus, on white Scots pine wood. The 
products formed are methyl p-methoxyemnamate (1) and the methyl 
esters of cinnamic acid (II) and of anisic acid (III). 
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CH,i 



|(}H=KniC()OOH, >iClI=<'HnOOH (A|CCX)H 


(I) 


ai) 


cn,(>4^ 

ail) 


These compounds are similar in structure to several breakdown enti- 
ties of liisnin. Thus, a few fission products of the aromatic class 
which have been isolated from lignin arc vcratric acid (IV), isohemi- 
pinic acid (V), and veratroyl formic acid (VI). 


COOII 



C0()1I 



rooH 



ICH, 

(VI) 


As early as 1897, Elason (41) was of the opinion that lignin is a con- 
densation or polymerization product of conifcryl alcohol (VII). 
Later (43) he suggested that conifcryl aldehyde (VIII) may be the 


HO 



CHM'ncIbOH 


(VII) 


IK) 



(vm) 


basic building stone of lignin. The resemblance of the compounds is 
apparent. Since methyl p-methoxycinnamate and the other products 
are similar in structure to the lignin fission units, one could assume 
that they arose from the lignin portion of the wood. 

It has been demonstrated (5(i) tliat Lcntimib lepideus gives rise to 
methyl 7 )-methoxycinnamatie when grown on media containing glu- 
cose or j^lose. Assuming a preliminary hydrolytic action by the 
fungus, it would appear that the ester arises from the cellulosic and/or 
pentosan fractions of the wood rather than from the lignin, and, con- 
sequently, its appearance from wood corroborates the theory also of 
the degradation of wood via an introductory hydrolyids when it is de- 
composed by microorganisms. Fiurthormorc, the significant finding 
that the action of the fungus on xylose gives rise to the same product 
prompts, of course, a consideration as to a mechanism of its forma- 
tion. Since the organism is a perfect alcoholic fermenter, it would 
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soeni that there is the transient formation of a two^arbon compound 
which acts as a switchi>oar(l for the building up of the ester. The 
ease with which ethyl alcohol; added to or formed in the media; or 
glycerol was dphydrogenated when serving us carbon sources sug- 
geated acetaldehyde (53j as the “labile" transient compound. This 
was found to l>e a fact (67) namely, when the fungus was grown on an 
ethyl alcdhol-containing medium it gave rise to the ester. Moreover, 
when Dimedon was incorporated in such a m(‘(lium in a parallel ex- 
periment, the acetaldehyde-Diniedon coinpouud was obtained; the 
fonuation of this compound prevented tlie utilization of the acetalde- 
hyde in the synthesis of the ester. The fact, then, of the formation of 
methyl p-methnxyciii)minut(> from wood, glucose, or xylose supports 
the hypothesis that the earbohyjlrate fraction of wood serves as the 
source of the lignin. 

By means of enzynie studies the phase sequence of the degradation 
of cellulose in the course of wood decay caused by itiolds has been 
elucidated. Similar investigations have also helped shed light on 
other eooi'dinutc'd problems. Thus, the np])licatioii of enzymes to the 
pre])!iration of lignin ))res<'utH a good «)uU(»uk foi' obtaining unaltered 
lignin, the study of which might enhance tJie elarifieatiou of its con- 
stitution. Mou'ovei', continued researeh in this direction should 
fmiher assist in understaniling the nu'chanism of lignifieation, since 
it has for the first time been experimentally demouslruted that an 
euzymically formed methylated aromatic rompoiinfl might sc'rve as a 
transition prcnluct bc'tweeii carbohydrate degradation and ligiiifieu- 
tion. 
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I, Introduction 

Nearly ninety years have passed since the first convincing experi- 
mental evidence was obtained of the synthesis of fat from carbohy- 
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(Irate. Sinrr that time* niuiu'rous invPHtigators have atudied this 
prublPDij and although our knowledge in this field has now been 
greatly extended many details of the mechanism of tlie process are 
still lacking, partly because of the inherent difficulties of the subject. 
While the great progress in our knowledge of carbohydrate metabolism 
was due in the Tnain to the discovery of cell-free extracts with which 
most, if not all, the individual reactions involved could be examined, 
the study of the sj'nthcsis of lipides from itonlipide substrate is still 
confined to whole cells or organiMus. 

In the following, a short account of our present knowledge of the 
synthesis of various lipides and their components, i.e., fatty acids, 
glycerides, phospholipides, and some wax constituents, will he pre- 
sented, and the mechanism of the syntheses will be diseussed in the 
light of recent evidence. A complete list of references is not given; 
most can be found in such excellent ro\'icw8 as the papers and mono- 
graphs of Jjcathes and Raper (G7), Sraedley-Mnelean (119), Longc- 
necker (73), Bemhaucr (13), McHenry (82), and Ililditch (50). 

II. Synthesis of Fatty Acids 

A EVIDENCK OF SYNTHESIS OF FATTY ACIOS 
PltOM CARBOTIYDRATE 

Although the synthesis of fat from carbohydrate has been knoun 
for a long time (fattening of animals on a high carbohydrate diet), 
Lawes and Gilbert (66) w er e the firet to supply eon^ineing evidence 
for the conversion of carbohydrate to neutral fat. Their experiments 
were based on a balance sheet of carbobydiate, protein, and fat in- 
gested, and of fat, carbo1i3'drate, and protein formed in pigs. Further 
(‘vidence was supplied b}’’ a number of workf'rs. Morgidis and Pratt 
(87) demonstrated fat S3'’nlhe.sis in dogs, and also showed that fat 
formation is accompanied by a respiratory quotient higher than 1.0. 
In "wcU-nourished” swine, fat is synthesized at a rate of 1% of body 
weight doily (102,147). Benedict and Lee (II) studied in di'tail fat 
formation in geese Schoenlieimer and Rittenberg (116), using deu- 
terium os labeling agent, demonstrated in an elegant way fat forma- 
tion in rat.s, and showed that these animals can rapidly synthesize 
fatty acids when fed on a practically fat-free diet (see Fig. 1). In 
mice on a high-carbohydrate diet the rate of synthesis of fatty acids 
is about 1 g. per day (Stetten and Grail, 133). 

In higher plants, the investigations of du Sablun (110) suggest fat 
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flyntheMB from carbohydrate. In ripening seedfl the inereane of fat 
b aooompanied by a sinxiiltaneous decrease in carbohydrate content. 


Eyre (37) studied the 
formation of fat in the 
Linum luikUiasiimm, 
and found a rapid in* 
crease of the fat content 
of the seeds (see Fig. 2.). 

Numerous microor- 
ganisms have been ^own 
to be capable of nynthc- 
sizing large amounts of 
fat from carbohydrate, 
e.g., yeasts, molds, bac- 
teria (for a detailed list 
of references see the re- 
view of Bemhauer, 13). 
Some of these organisms 



are capable of accumu- 


TIME. diys 


luting 50% and more of Kik- t. SvnltmHib nnd deblnirtiou uf fatty aciilH 
their dry weight in fat. **“'*•' • • ' 


In some yeasts, fat fo^ 
mation from carbohy- 
drate procee^ds rapidly, 
as shown m Figure 3 
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TIME. hr. 
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Fig. 2. Fat formation in Fig. 3. Fat formal ion from glucoMS m VorittopBB 

ripening linseed (37). lipi^fero (60). 


for the yeast Tortdopsis Upojtra, This yeast forms fat at a rate of 
4-1 1% of its dry weight in 5 hours, i.e., the synthesis of fat proceeds 
several times faster than in the above-mentioned pigs. 
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B. RESPIRATORY QUOTIENT AND EFFICIENCY OF CONVERSION 
OF CARBOHYDRATE TO FAT 

The synthesis of fatty acids from carbohydrate is a reductive, endo- 
thermic process, as, for example: 

5 CiHuO, + 4 Oj » C„H«Oj + 12 COj + 12 HjO - 946.720 caL 

(20). The formation of fatty arids must therefore necessarily be 
coupled with the oxidation of an equivalent amount of other sub- 
strate, most probably carbohydrate. From the above equation it 
also follows that the respiratory quotient, R.Q., i.e., COi fonned/Oi 
used, during the process will be higher than 1.0. Numerous authors 
have demonstrated high respiratory quotients during fat formation. 
Thus Wesson (146) observed in rats fed on dextrin with a Rmall 
amount of casein an R.Q. of 1.5 to 2.0. During the formation of fat 
in ripening castor oil seed and olives Gerber (43) found an R.Q. of 
1.51 , but only during the fat -forming stage. In yeast, in the presence 
of carbohydrate, the R.Q. often rises above 1.0, and in the fat yeast, 
T. lipof&ra, during fat formation an R.Q. of 1.15 to 1.50 was observed 
(60). 

Further consideration of the above equation shows that the R.Q. 
could also be used as a measure of the efficiency of the synthesis of 
fatty acids from carbohydrate. Recently, two additional terms have 
been suggested to express the efficiency of this process, i.e., by re- 
lating the utilization of the substrate to the amount of fat funned. 
Rippel (106) introduced the term fat corfficient, which expresses the 
percentage of fat formed from the weight of substrate used. Inde- 
pendently, Kleinzeller (60) used the term conversion coefficie7U to 
denote the percentage of carbon of substrate converted to carbon of 
fat. Table I shows the relstionship of R.Q., conversion coefficient, 


TABLE I 

K.Q., CONVEBSION AND FaT COEFnCIENTS CALCULATED FOR VARIOUS EgUATlONS 
or CoNVEBsiON or Huobb to Stearic Acid 



RBaction 

R.Q. 

Conv. 

ooeff., 

% 

Fat 

ooeff., 

% 

5 CiHuOi -|- 4 Oj — 

* OuHixO, -1- 12 CO, f 12 U,C) 

3.0 

60 

31.7 

6 CiHi|Oi -|- 10 Ox — 

► C„H„0, + 18 COx-l- 18 HxO 

1.8 

50 

26.3 

8C,Hu0,-|-22 0,- 

» C|iII„Ox + 30 CO,+30 11,0 

1.36 

37.5 

19.7 

10 CxUuO, -1- 34 0, - 

► CixH^O, + 42 C0,+42 H,0 

1 24 


15 8 
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and fat ooeffioient for variouB equationa of the ayntheBis of stearic 
acid from hexose. 

In the following both the above terms will be used. These terms 
are directly related only when the fat formation from substrates of 
the same empirical formula is calculated. Thus^ for the equations: 

10 CiHirf), + 34 Oi » CuHmOi + 42 CO* + 43 H,0 

5 CitHtiOu + 34 ()* ' ' > CuHiiO* + 42 CO* + 37 HjO 

the respiratory quotients and the conversion coefficients remain 
constant, while the fat coefficients are 15.78 and 16.81, respectively. 
It is therefore suggested that the tenn fat coefficient be used when 
comparing the fat formation from the same substrate. This term 
has recently been widely used, esperially when calculating the ovei> 
all fat formation under conditions when the organism both grows and 
accumulates fat. Under these conditions the use of this term is in- 
valuable. The conversion coefficient will he useful when comparing 
the formation of fat from different substrates, since it allows direct 
comparison of tho results obtained. 

Generally speaking, it is posrible to state that the conversion coef- 
ficient found in living cells uliich form fat is always considerably 
lower than the highest conversion coefficient theoretically possible 
(on the assumption that in the course of fat syntheris carbohydrate is 
first broken down to two molecules of C» compounds and two mole- 
cules of carbon dioxide, and that the C* compounds are then condensed 
to fatty acids, tho highest conversion coefficient would be 66.7%). 
This is due to the fact that simultaneously with fat formation other 
metabolic processes take place which derive their energy require- 
ments from the substrate. This aspect will be discussed below in 
connection with carbon balance riieets during fat formation. The 
only exi)erimental finding in which the conversion coefficient reached 
the theoretical limit is the observation of Terroinc and Bonnet (139). 
These authors measured the caloric value of glucose used, and fat 
formed, in Aspergillus niger, and then arrived at a proportion of 4.38 
molecules of glucose ust'd per molecule of oleic acid formed^ the 
conversion coefficient accurffing to these experiments would be 71%. 
The majority of experimental results appear to confirm the view that 
the efficiency of the conversion of carbohydrate to fat does not ap- 
proach the theoretical figure of 66.7. Thus, in fattening pigs, the 
fat coefficient usually found is about 24-25% (t.c., conversion cxief- 
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fioient about 47%). In resting rells of T. lipofera, Kleiuceller (6(1) 
found oonvprsion coefficients of 20-30%; Cada (21) found in Endo- 
myces vemcdin, during fat formation in absence of assimilable nitro> 
gen, a fat oot'fficient of 23.4%, but vith a slight simultaneous loss of 
cell protein. The same author found, using a strain of Mvcor, fat 
ropfficients between 10 12. 


TABLK II 

Carbon Halanibj in Tonilop»ii hpt^era* 


Analytiia 

Initial 

(j1uro8G 

32«IO mg. 

Carbon dioxide 


C in modiuni (nonvolar 
tilo) 

1315 niK. 

Kthanol 

— 

liacUc arid 

— 

Ketonic acidb 

— 

Yeaai (dry wl.) 

3146 mg. 

C in yeaat 

L533 niK. 

N in ycaat 

164 mg. 

Unsapunifiable 

56 me. 

FaUy arids 

706 mg. 

LV. 

82 3 

Mean mol. w L 

270 

C^arbohydiate in yeawl 
lUhoL 111 11/) 

332 iiiK. 

InHol. in (10% Eton 

216 mg. 

liiHol. ill 80% KlOH, 

40 iiiK. 


Total 


After 

5 hr. 

Fornird 

01 uni^d, 

IllK. 

r UHvd, 
ms. 

V 

forniod, 

iiiff. 

1540 IIIK. 

"^750 

700 

— 

1105 mg. 

+1105 

— 

301 

634 mg. 

-681 

(681) 

— 

10 mg. 

+ 10 

— 

5 

— 


— - 

— 

— 

.. - 



3923 mg. 

+774 


— 

1903 mg. 

4 .170 


370 

ItK) mg. 

+•’> 


— 

62 mg. 
908 mg. 

+6/ 
+202 ( 

■ 

(158) 

77 3 

— 


- - 

275 

635 nig. 
278 mg. 

16 mg. 

1 

1 «+l i 


n.5ii 



700 

676 


(/.f.. »7%) 


* Fisuri's in pHii>iithi"t(ih iiitiii'uti* (tint Uicy Imvi ninwh b(‘i>n inrluilerl in tlir 
haUiice uiidi ‘1 a diffiMciit hoaditiK. 


The, fat or conveiRion coefficients reported here do not allow con- 
clusions to be drawn as to the stoichiometric proportions of fatty 
acids synthesized from carbohydrate. As shown below, simultano- 
ously with fat formation other metabolic pmeesses take place in the 
resting cell, Mich us accumulation of cai'bohydrate. The fat or con- 
version co(‘fficieiits foiuid can thciffure be regarded only as over-all 
expressions. DetailiHl carbon balance sheets may, however, help to 
arrive at true figures which might allow tlie relation of glucose con- 
verted to fatty acids to be formulated mujv clearly. The only carbon 
balance slieet during fat foriuatiou was done on T. lipofera, showing 
that 33-43% of the cai-bun of glucosi' was oxidized to carbon dioxide. 
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A coneiderable increase in the weight of the cells took place, due to an 
increase in both fatty acids and carbohydrate; little if any unwiponi- 
fiablo material was formed under these conditions (see Table II). An 
accumulation of cell carbohydrate during fat formation was* also 
demonstrated by Smedley-Maclean and associates (77,121). 

Ripp(‘l (106), on the basis of theoretical consideratiuns, arrives at 
the conclusion that in growing microorganisms the fat coefficient can- 
not exceed 15%. lie takes into account not only the formation of 
fat, but also the formation of protein and other oompon(>nts of the 
cell. In experiments in which both groa-th and fat formation occur, 
the fat coefficient has until recently b(‘en found to be considerably 
lower than the theoretical maximum of Rippel. Thus Lindner 
(quoted by Fink ct of., 3S) found in Endomycea vemalia a fat coef- 
ficient of 7.2. Myrb&ck el al. (36,02) found in various yeasts, fat 
coefficients varying between 5-11%. More recently, however, con- 
siderably higher results w^ere obtained. In the experiments of Starkey 
(129) yeast strains No. 72 and 74 had fat coefficients of 12-13%. 
Very recently, Enebo et al. (35) found fat coefficients as high as 18, 
with a fat content of the yeast Rhodotorulagraciff a 60%, and explained 
that Rippel in his calculatJons did not expect such low protein con- 
tent in the microorganism when the fat content reaches such high 
figures. Kleinseller, Vihan, and Bass (61) obtained with T. lipo- 
fera, and with yeasts No. 72 and 74 (courtesy of Dr. Starkey), fat 
coefficients between 11-15% on inorganic cultpivation media, and, 
occasionally, also figures approaching those of Enebo el al. {e.g., 
17.5% with a fat content of 50% in the dry yeast). Tlie Swedish 
authors calculate from their experimental data that, on an average, 
4.55 g. glucose ai"e consumed in the formation of 1 g. fat from carbo- 
hydrate, irrespective of whether fat yeasts {c.g., R. gractha) or a yeast 
wth a low fat. content (7’. vlihs) are considered. 'nH‘y base their 
••alculation on un equation of Sperber (125); 

, , , ItX) X K aewlv feniied veast 

y«an yii I ( < ’’2 0Uj pioteiii t- g imbuh^ (Irate) 4 V X g. tat 

and assume that 2.0 g. glucose is consumed in the formation of 1 g. 
protein or carbohydrate, Fi“om the data of these authors, the leal 
conversion coefficient would be 41.2%, approximately corresponding 
to the equation: 

7 0, Hi A + 16 (h » 

CiiHiA 4* 24 CO* 4- 24 11*0 (convoreion isoefficient 42 8%) 
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0. CONDITIONS OP FAT FORMATION 

The Gonditiona of fat fonnafion have been mostly studied in micro- 
organisms, since these lend themselves fur better for surh experi- 
ments than animals or hi^er plants. Many microorganisms readily 
form fat when carbohydrate is the only substrate used. So far, no 
experimental evidence has been supplied nbich would invalidate the 
assumption that the main pathway of the synthesis of fatty acids 
from carbohydrate is essentially the some in all living cells. The ob- 
servations on microorganisms in that respect may thei'efore also be 
valid for these processes in onimiU or higher plant cells. 

1. Oxygen 

So far no convincing evidence has been supplied that fatty acids 
can be synthesized under anaerobic conditions. On the other hand, 
a number of authors have shown that fat synthesis from carbohydrate 
is enhanced by a good supply of oxygen. Nageli and Loew (!)0) w'ere 
the first to demonstrate the formation of fat in yeast, and also found 
that this proceeds only in the presence of oxygen. Smedley-Maclean 
in a number of papers (118,120,121) showed that oxygen is essential 
for fat synthesis in baker’s yeast. Tarulopm lipofera does not me- 
tabolise carbohydrate at all under anaerobic conditions, but readily 
synthesizes fat in the presence of oxygen. The fat formation in this 
yeast is not further enhanced by increasing the concentration of 
oxygen over that in air. Some microorganisms, which have been 
studied in some detail with the view of biological fat synthesis for 
technical purposes, e.g., Eiulomyccs vernalis, or Fmariwn Uni (27), 
also form considerable amounts of fat only when sufllcient oxygen is 
supplied, either by cultivating the organisms on large suifaces, or 
providing them with oxygen under pressure. 

2. Temperature 

The optimal fat formation from carbohydrate in microorganisms 
generally coincides with their optimal growth temperature. The 
chemical charactf'ristics of the fat formed may, however, vary with 
temperature. This aspect u'ill be discussed later. The study of fat 
formation in T. lipofera would also suggest that the efficiency of fat 
formation from carbohydrate may be influenced by temperature. 
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In this yeast, the conversion coefficient reaches its TnaTiTnnm be 
tween 20-25^ (see Fig. 4). 



Fig. 4. Effect of leiu]Xiralure on fat formation and the 
convernion roi'fTicii'nt in Toruiopitis lipojera (60). 

S. pH 

The optimal pH of the medium for fat formation depends greatly 
on the type of organism used. In many microorganisms growth and 
fat formation proceed best at a pH between 3.5 to 6. Higher or 
lower pH inhibits to some degree growth and fat formation. In T. 
lipofera the fat formation, as indicated by both R.Q. measurements 
and fat estimations, was highest at pH 5.5 to 6.0, and the conversion 
coefficient also decreased with increasing pH. 

4. Phosphate 

Phosphate appears to be essential for fat synthesis from carbohy- 
drate. The role of phosphate in fat synthesis is not easy to assess, 
partly because, so far, experiments on fat synthesis can be carried 
out only with intact cells which have sufficient phosphate available 
for their metabolic processes, and partly because no experiments 
could be devised to separate the breakdown of carbohydrate, which 
may require phosphate, fnim the actual process of synthesis of fatty 
adds from the carbohydrate breakdo^vn products. There is, how- 
ever, some evidence to indicate that phosphate is required for the 
conversion of carbohydrate to fat. Smedloy-Maclean and Hoffert 
(120,121) showed that in baker’s yeast fat formation decreased in the 
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TABLE m 

Effbot of Pbobfoatb on Fat Fobuation in Torvloptu Upofera* 


KHiPOi. M 
ooBoentrftilon 

Gluoofte 
uwd, mg. 

C of f«t 
formed, me. 

ConvBnioB 
ooefBoient, % 

0 

63.9 

— 

■[■nn|||i|||| 

o.noi 

51 0 



0.01 

60.6 



0 

51.3 

3 m 



* 62.8 ing. yeast; pIlO.O; 25*; 5 hr. 


absencp of phosphate. A somewhat more detailed study of this ef- 
fect was made in T. Upofera. In this yeast, phosphate in the medium 
is necessary for maximal synthesis of fat. It also appears from these 
experiments that the phosphate is required mainly for earbohydrate 
breakdown, since iodoacetate did not influence the rouversion coef- 
ficient, but did decrease the amount of carbohydrate used and fat 
formed. Table III shows some of the results. 

5. Various Factors (Age, SaUs, Concentration of Substrate) 

Under this heading falls a considerable number of factors which 
have been shown to influence fat formation in various microorgan- 
isms. Firstly, the o^e of the cell ought to be mentioned. In a munber 
of organisms which normally contain only a small amount of fat 
(which fonns part of the protoplasm, i.c., ilAmenl constant of Belin, 
10), large globules of fat may appear in aging cultures. This phe- 
nomenon points rather to a “degenerative fat formation," t.e., syn- 
thesis of fat from other cell constituents under conditions injurious 
to the cell, than to a normal synthetic process in healthy cells. Such 
degenerative fat formation is also observed in old tissue cultures, or 
in tissue cultures nhich have been exposed to some toxic agent. 

hlgure 5 shows the relationship of fat content of PenidUium jamn- 
icum nith the age of the culture (76). Similar results were also ob- 
tained by Nadson and Konokotina (89); see also Kordes (63). 

That the osmotic pressure of the medium can play a role on the fat 
content was demonstrated by Halden (44), who partly dehydrated 
baker’s yeast by placing thick suspensions of the yeaat on porous tiles 
and maintaining it in a moist chamber, and found a considerable in- 
crease in the fat content of the cells under these conditions. Efi^er 
salt concentrations (sodium chloride, calcium chloride) appear to 
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bring about an incroaHo of fat oontpnt in Endomyoes vemdUa rather by 
their osmotic effect than any specific action (48). Although in these 
experiments the percentage of fat in dry weight increased with in- 
creasing concentrations of sodhim chloride (0-5%), the amount of 
mycelium decreased very steeply with increasing salt concentrations. 
The concentration of substrate may also play a role. Thus, in Penicil- 
lium jatianicum, the fat content of the mycelium rises with increasing 
substrate concentrations (70). Similar obHer\'atiuns were also made 
on other molds, e.g., Aspergillus niger (10), A . fischeri (99), and yeasts 
(1 18). Since in these experiments no elear-eut I'videnee for the effeol 
of the concentration of sub.strate on the conversirm of carbohydrate to 
fat was obtained, it is difficult to assess 
the real significance of these results. 

The influence of various other salts 
on fat formation has been examined. 

Heide (48) states that sulfate ions 
are necessarj’ for fat formation in E. 
vemalis. The optimal concentration 
is 0.037% (as sodium sulfate). Since 
his observations were made under 
conditions in which both growth and 
fat formation occur, his results can- 
not be taken as direct evidence that 
sidfate is I'eciuired for fat synthesis, 
were not required in short-term experiments for the formation of fat 
in T. lipofira, because they did not increase the conversion coef- 
ficient (00). According to Maeleod and Smcdlcy-Maclean (77) 
magnesium and calcium decrease the fat formation from glucose 
in baker’s yeast, and increasing coiicentrutions of magnesium decrease 
groudh and fat formation in P. javanievm (76). r;Ockwood et al. (70) 
examined also the effect of various trace elements on fat formation 
and state that some of them, e.g., columbium, molybdenum, tung- 
sten, ferric ion, and chromic ion, sliglitly increase growth of the mold 
and also the percentage of fat in the dry weight. Forges (98) claims 
that zinc slightly increase's fat formation in A. niger. 

In spite of the wealth of experimental data on the effect of these 
factors on fat formation, very little clear-cut evidence for the influ- 
ence of the above factors on the synthesis of fat from carbohydrate 
was obtained. Most of the experiments were carried out under con- 



Fik 5. Changes in fat ron- 
tcul nitli age uf culture in Fmi- 
alUuui javanirvm (76). 


Magnesium and manganese 
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ditions in which both growth and fat formation took place, thus pre- 
venting any definite conclusions. In addition, the cells contain, 
under normal conditions, most if not all of the necessary factors which 
may infiuence fat formation from carbohydrate, so that even when 
growth is excluded (resting cells) negative results of shortrterm experi- 
ments do not necessarily mean that the examined factor is not re- 
quired for the process. 

6. Vitamins 

The effect of vitamins on fat synthesis has been reviewed by 
McHenry and Comott (82) and only some pertinent data will therefore 
be given in this paper. A number of authors have diown that thi- 
amine is essential for fat formation in the animal (81,83,84,148,149). 
In animals previously depicted of vitamins of the B group, the addi- 
tion of thiamine to the diet caused a large increase in the fat of the 
animal, raised the B.Q. above 1.0, and at the end of the experimental 
period this fat contained a liigli proportion of palmitic and hexade- 
ecnoic acids (74), which, according to Longenecker (71), is character- 
istic of fat syntliesis from carbohydrate. Other ace.cssory food fac- 
tors of the B group, f.g., riboflavin, pytidoxine, pantothenic acid, 
and biotin, have also been shown to play a role in fat synthesis, aug- 
menting the amount of fat formed in the presence of thiamine (8.5). 
Furthermore, in some microorganisms, e.g., Torula utilis, thiamine 
has been shown to be of importance for fat synthesis (9.3). In 
Tondopsis Upofera, additions of thiamine had no effect on fut syn- 
thesis; this, however, does nut exclude tlie possible rule of this vita- 
min, since not inconsiderable amounts of thiamine accumulate in 
this yeast, and may be sufficient for fat syntliesis in short-term experi- 
ments. 

McHenry and collaborators also called attention to other dietary 
factors W'hich might play a role in fat formation from carbohydrate, 
e.g., vitamin A. Fur a detailed account and further references see 
McHenry and Cornett (82). 

7. Effect of Assimilable Nitrogen atwi the Rekdionship 
of Fat Formation and Protein Synthesis 

In the normal living cell the various metabolic processes are closely 
interlinked and finely balanced to meet the requirements of the cell. 
This balance can, however, be changed experimentally by altering 
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the relative amounts of the various nutrients for the cell. A supply of 
nutrients high in carbohydrate and low in protein (or nitrogenous 
substances which the cell is capable of using for protein synthesis) may 
therefore lead to an aocumulation of fat in the cells. Thus, feeding 
animals a diet high in carbohydrate, but low in protein, leads to a 
rapid storage of newly formed fat (3,32,34) . A similar result was ob- 
tained in plants. Kchmalfuss (113) was able to show that the fat 
content in linseed was inveinely rolated to the amount of nitrogenous 
fertilizer used. The most extensive study of this problem was made 
on microorganisms. It was shown by numerous authors that in- 
creasing the supply of nitrogen available for protein synthesis in the 
medium decreases the fat content of the ceU, more carbohydrate 
being used for the growth of the cells. Further, under conditions in 
which no multiplication of the cells takes place, ainmoniiun salts 
(or urea) decrease the efficiency of the conversion of carbohydrate 
to fat (see Fig. G). In these experiments, however, protein synthesis 
without cell multiplication could not be excluded. 

The relationship of protein and fat formation is of partiralor im- 
portance from the point of view ot a possible application of the results 
obtained for the commercial production of fat by microorganisms, 
and accoi-dingly considerable attention was paid to the problem. 
Since, in the presence of abundant nitrogen, microorganisms grow 
rapidly but form little fat, it is in practice possible to separate a 
growth phase from a fattening stage by regidation of the supply of 
nitrogen. Tliis is the principle of the method evolved by Lindner 
and associates (see 33) for the cultivation of Endomyces vemalis as a 
fat-forming organism. Tliese authors attempted to cultivate on a 
large scale the above organism on a medium containing sufficient 
nitrogen for rapid growth, and, after a thick mycelium was formed, 
substituted the medium for one containing only carbohydrate, thus 
inducing the organisms to form fat instead of protein. More recent 
work 'With this organism (48,100) extends the results of the previous 
workers. Thus Raaf obtained particularly hifffi fat content of the 
cells by removing most of the nitrogen available in the medium by the 
use of Permutite, thereby changing the relation of nitrogen to car- 
bohydrate in the substrate. In Khodotonda gradliB, Enebo et al. 
(35) showed that good gru\vth and liigh fat content of the cells can be 
obtained when the yeast is grown on a medium contfuning a con- 
venient proportion of nitrogen to carbohydrate, allowing both rapid 
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growth, and, after using up the available nitrogen, good fat forma- 
tion. These authors fix the optimal relation of nitrogen to glucose 
at about 0. 5 g. nitrogen to 100 g, carlwhydrate. Figure 7, from 
the work of these authors, demonstrates their results. 



Fig. 6. Aiiiiiujiiiuiii rlilnridc effect on Fig. 7. Sugar content, amount of 
fat formation and the converuoti cocf- vcait, and jicrcculngc of fat at) fuuc- 
ficient in T. Itjmffra (60). tioiiti of time (35), 


ITie inverse relationship of protein and fat 83rnthesiB in the living 
cell is po.ssi))ly due to a competition of the enzymes concerned for the 
substrate, the velocity of uniino acid synthesis being probably con- 
siderably higher than that of fatty acids, llatif (Jt)0) arrived at the 
conclusion that probably both protein and fat aiise from the same 
carbohydrate breakdown produet. 

U. SYNTJIKSIK OF FAT I’ROM VAIIEOUH CAllBOilYDKATKS 

In the above account of fat synthesis the carbohydrate used was 
mainly glucose. There exists good evi)h*nce that the living cell can 
also employ some other carbohydrate for fat s>Tithrsis. Thus, Har- 
bor (6) found that a Pemrilliuin grew and formed fat of suiiilar chemi- 
cal characteristirs whether the mold was grown on glucose, sucrose, 
xylose, or glyeorol. Loekwocsl cf al. (70) studied growtli and fat 
formation in P. javanicum on a number of different carbohydrates 
and found that only glucose and xylose gave gowl yields of mycelium 
and fat, xylose being utilized as readily as glucose. Other carbohy- 
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drates, e.g., galactose, maltose, sucroee, starch, dextrin, glycerol, 
and mannitol, were definitely inf^or to the above two caibdiy- 
drates. In Endomyeet verrudis, Beichel and Erinmuth (103) state 
that fructose and sucrose are more easily converted to fat than glu- 
cose; lindner (69), Nadson and Konokotina (89), and Heide (48) 
found that this microorganism can use a number of different carbo- 
hydrates (except pentoses) as carbon source for both growth and fat 
formation. 

T. lipofera can equally well use glucose and fructose, and, if grown 
on sucrose, i.e,, when the cells had opportunity to adapt themselves to 
the new substrate, formed fat equally well on sucrose and glucose. 
Maltose could also be utilised for fat synthesis (Table IV). 


TABLE IV 

Formation of Fat from Vabiotjs Carbohydbates in TorubpnB lipofera* 


Fjxpr No 

Sabitraie 

C of fat formed, mu. 

1 

GIucobc 

6 RO 


Fructose 

6 50 


Sucrose 

3.68 


Maltose 

3.88 

2 

Glucose 

2.33 


GaUctoso 

0 43 

3 

Glucose 

2.12 


Sucroso 

1 38 

4 

Glucose 

2.81 


Rucroso 

2.96 


* Yeast in Expts. 1-3 grown on glucose; in Expt. 4, grown on sucrose. 50-52 
mg, yeast; 25°; pH 5.5; 5 hr. 


Recent experiments in the author’s laboratory (01) show that 
yeast No. 72 con be adapted to utilize xylose for fat formation, while 
other pentoses, e.g., ribosc or arabinose, are not utilized. The experi- 
ments were carried out by measurement of the R.Q. using the War- 
burg technique. Table Y summarizes the results. These experi- 
ments were also confirmed on a larger scale, when it was shown that 
xylose is equal to glucose as a carbon source for both growth and fat 
formation, the fat coefficient being in these experiments equal to that 
found with glucose. 

Some other microorganisms, such as Oidium ladM (39) or Fusarium 
(27,88) can also use pentoses for fat formation. 
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TABLE V 

Adaptation of Ybaht Mo. 72 to Utilization of Xtlobb* 



Yf-ast fcruwti on ^luooae 

Yeaat grown on xylose 




No 

Substrate 





Bubbtrate 

OluPOafl 

XyloEir 

Qoj 




G 4 

11 4 

11 5 

R.Q. 

0 92 

1 20 

1.10 

1 02 

1.22 

1.23 


* Duration of rxpmmeutb two hows. 


The results obtained, especially those mth pentoses, are of par- 
ticular interest from the point of view of the possible mechanism of 
fatty acid synthesis from carbohydrate, and w'arrant a sliU closer 
examination. This aspect will be discussed nt a later stage. As 
Bemhauer points out, the fact that pentost's con be used as a carbon 
source for fat formation may also be of importance fur technical 
purposes. 

E. SYNTHESIS OF FAT FROM VARIOUS NONCARBOlIVnKATE 

SOURCES 

Variou.s substances known to be intermediates in carbohydrate 
metabolism have been examined as possible carbon sources for fat 
formation in the hope that the experimental results might help to 
elucidate the mechanism of fatty acid synthesis. It ouglit to be 
mentioned that great caution htw to be used when examining the re- 
sults, since expeiiments on intermediary metabolism lAith whole cells 
are more difficult to interpret than experiments with cell extracts. 
Even if no fat is formed from an examined substrate, this result does 
not exclude a possible role of the substance in question as an inter- 
mediate in fatty acid synthesis from carbohydrat c. The permeability 
of the examined substrate into the cell under given experimental con- 
ditions may greatly influence the results. On the other hand, carbo- 
hydrate stored in the cell might be mobilized under some conditions 
for fat synthesis and the result might lead to false conclusions, 'llie 
rapidly developing and new experimental technique, the use of iso- 
topes, may help to overcome at least some of the difficulties. 

The first to make a detailed study of fat formation from various 
carbon sources were Haehn and Kintoif (45). These authors allowed 
Endomyces vemalis to form a mycelium poor in fat on a carbohydrate 
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medium, replaced tiie medium by one containing only the Bubstrate 
tested, and found that ethanol, acetaldehyde, glycerol, pyruvic add, 
lactic add, and aldol increaaod the amount of fat in the mycelium. 
Udng glucose or ethanol as substrate the authors could demonstrate 
the formation of acetaldehyde as a metabolite (as the bisulfite com- 
pound) of this microorganism. 

Fat formation from acetate was demonstrated in baker’s yeast by 
Smedley-Madean and associates (77,120,121), who also showed that 
the presence of calcium or magnesium ions decreases fat formation 
from acetate (Table VI). Uliese authors also demonstrated acetalde- 
hyde and pyruvie acid as metabolites during fat synthesis from ^u- 
cose and acetate. It is of interest to note that in these experiments 
the carlmhydrate content of the cells decreased during fat forma- 
tion from acetate. Acetate increased the formation of fat from glu- 
cose in the timothy grass bacillus (130,131). 

TABLE VI 

Formation or Fat rRuu Acetateh in Baker’s Yeast 


InoreMO 1b 

Roliition fat oontent, % 

Water 41 

Pntassium arcl ale 180 

l:!$oiliuin arotatr 160 

MagncBiuTD acetate * 118 

('Calcium aretate 100 


Recently, Rittenbei'g and Rloeh (107), us’uig the isotope technique, 
proved conclusively that acetic acid can be converted to fatty acids 
in animals (mice and rats). The saturated fatty acids contained a 
higher concentration of Cu and D than the total fatty acids, and the 
concentration of isotopes was higher in the fatty acids of the liver 
than in those of the carcass. Utilization of acetic acid for fatty acid 
synthesis was also confirmed in yeast by the isotope technique (150), 
confirming also earlier experiments of Sondcrholf and Thomas (124), 
who used trideuterioacetic acid. 

The formation of fat from ethanol was also demonstrated by Lind- 
ner (70) in Endomyces vemedis and Hnlden et al. (44,123) for baker's 
yeast. Smytho (122) demonstrated lipide formation from pyruvic 
acid in baker’s yeast. Acetaldehyde was found to increase the fat 
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content of eomo microorganismB (E. vemalis, T. lipofera) but not of 
baker’s yeast (121a). 

F. SYNTHESIS OF FATTY ACIDS FROM PROTEIN 

This, until recently controversial, question has been lately clearly 
answered by the work of Longcuecker (71) and simiiltaneously by 
lloagland and Snider (55). Longenecker showed that rats, which 
had been previously starved, rapidly formed fat when placed on a 
purified casein diet. The synthetic fat did not differ from that 
formed on a carbohydrate diet. The latter authors demonstrated 
fatty acid synthesis from protein by comparing the amount of body 
fat in Hnimalii at the beginning and the end of an experimental period 
during which the animals were kept on a pure protein diet (with the 
addition of yeast to supply the necessary accessory factors). 

The work of McHenry and associates (see 82) suggests that some 
of the vitamins of the B grimp, especially pyridoxiue, play a role in 
the conversion of protein to fnt (bee4I). The role of pyridoxine might 
be expected in the light of recent investigations which showed pyri- 
doxine (or its derivatives) to be a coenzyme of some of the enzymes 
concerned with amino acid metabolisni (68,112). Further work of 
McHenry would suggest that carbohydrate is nut formed as an inter- 
mediate in fat formation from protein. 

It ouglit to be mentioned that in microorganisms s^iithesis of fatty 
acids from protein has not yet been demonstrated conclusively. 

G. INTERCONVERTIBILITY OF FATTY ACIDS 

Schoenheimer and associates (114) have shown that the animal is 
capable of rapidly lengthening or shortening the chain length of fatty 
acids. Thus, deuterium-enriched palmitic acid supplied to the animal 
is rapidly converted to stearic and also to myristic (lauric) acids 
(134). TTie shortening of the chain length might proceed according 
to the suggested schemes of the degradation of fatty acids in carbon 
pairs. Furthermore, since deuterium was also found in unsaturated 
fatty acids, e.g., oleic and hcxadecenoic acids, and, on the other hand, 
it was shown that deuterium-enriched oleic acid can be ronverted to 
stearic acid, it appears that the animal is capable of synthesizing most 
of the component fatty acids from one fatty acid. 

While the enzymes necessary for the observed desaturation of 
higher fatty adds are well known (for reviews, see 76,127), enzymes 
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from animal tisaues which oould bring about the saturation of, for 
example, oleic acid to stearic acid have not yet been described. To the 
author's knowledge there exists in the literature only one claim that 
such a hydrogcnase (saturase) of higher fatty adds exists. Zeller 
and Maschek (151) found that when an emulsion of oleic acid was 
added to an extract of marrow seeds, the oleic acid disappeared 
(measured by uptake of iodine). Mull and Nord (S8) explain their 
results (Ftuartum acting on oleic acid brings about subsequent de< 
creases and increases of the iodine absorption) by oxidation of the 
substrate with the formation of fatty acids of lower chain length 
rather than by assumption of a saturation of oleic acid. 

The above account might appear to explain sufficiently the mech- 
anism of formation of most fatty acids in the animal body from one or 
few "primary" fatty acids. However, as pointed out by Hilditch 
(50), Idle constitution of some minor component fatty acids present 
in animal fat, t.e., the position of their double bonds, makes it difficult 
to accept such an assumption. Thus “jS-oxidation" of oleic acid 
would be expected to lead to A^-hexadecenoic and A*-tetradcccnoic 
acids, while those acids found in animal fats have their ethylenic 
linkages in the A'-position (as does oleic acid). 

H. SYNTHESIS OF GLYCEHIDES FllOM FATTy ACIDS 

When speaking about the formation of fat from carbohydrate, the 
main attention was focused on the synthesis of fatty acids. Animal 
fat usually cemtains only small amounts of free fatty acids, and one 
has to assume that the newly synthesized fatty acids are immediately 
estorified with glycerol (formed by the breakdown of carbohydrate 
according to the well-known mechanism) to triglycerides. In cells 
of other origin, i.c., microorganisms or plants, this statement does 
not necessarily hold true. The fats isolated from many microorgan- 
isms contain large amounts of free fatty acids. The ratlier drastic 
methods often used in isolating the fat from these organisms (e.jjf., 
extraction with acidified fat solvents, or acid hydrolysis of the ma- 
terial prior to extraction) make it occasionally difficult to decide 
whether the observations were not artifacts. In some instances, how- 
ever, there exists clear indication that a considerable proportion of 
the fatty adds is free. In linseed during fat formation the high pro- 
portion of free fatty adds found at first (in some varieties as high as 
42%) gradually decreased with the maturing of the seed (8), suggest- 
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ing that the fonnation of fatty acids proceeded independently of the 
fonnation of glycerides (see also 56). 

I. SITE OP PAT FORMATION 

Heide (48) studied the cytology of Endomyoes vemalis and arrived 
at the conclusion that the fat formation is closely connected with the 
metabolic processes in the vacuoles of the cells. The first visible 
droplets of fat were formed on the border of the vacuole, and during 
further fat synthesis these droplets enlarge iund fuse, so that eventu- 
ally a large globule fills most of the cell. Parallel with the increase of 
fat the vacuoles diminish in siso. 

In animals the problem of the site of fat formation is more diffi- 
cult to determine because, in addition to fat synthesis, transport of 
fat from one tissue to the other, tuid also deposition of dietary fat 
take place. The use* of the isotope t echnique has, especially in Schoen- 
heimer’s laboratory, helped to answer some of the problems. Thus 
Sperry ef al. (12(i) fed ruts with fat containing stably bound deute- 
rium and showed that deuterium-containing fatty acids were rapidly 
deposited in the liver, skin, and intestine of the animal, while only 
traces of dexitcrium-cnntuining acids were found in the nervous tissue 
(see also 80) . When, however, animals were fed with water enriched 
with DjO, deuteriiun was incorporated as rapidly in the brain as in 
the depot fiit (142), and, during maximum myelinizatiun in rats 
lipides were synthesized in the brain and nerves even more rapidly 
than in any other tissue (143). From these experiments, and espe- 
cially from the rate of incorporation of body fluid deuterium into fatty 
acids In viuious tissues, it w'ould follow' that animal fat is synthe- 
sized in at least the foUow'ing tissues: liver, skin, intestine, and 
brain, Furthermore, it appears that the nervous tissue dues not use 
dietary acids, but synthesizes its own fatty acids. Quantitatively, the 
liver would seem to be the main site of fat sjmthesis in the animal 
body. Tn spite of the peculiar composition of milk fat, which differs 
widely from tliat of body fat, it docs appear that the milk gland is 
not a site of fat synthesis, since must of the milk fat could be ac- 
counted for from the uptake of fat from the blood by the active mam- 
mary gland (IlGa). 

HI. Composition of Fat and Factors Influencing It 

This paper would not be complete without reference to the com- 
position of the fat formed. It is not proposed to give details of the 
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compocdtion of fats of various origins, since this fonns the subject of 
a number of excellent monographs, such as the book of Hilditoh (50). 
It may, therefore, be sufficient to recall that the comporition of de- 
pot fat in the n-nimn.! kingdom shows, in addition to species specificity, 
a definite phylogenic specificity, i.e., the relative amounts of saturated 
and unsaturated fatty acids, and also the relationship of individual 
fatty acids changes characteristically when comparing the various 
stages of phylogenic development. Table VII makes tliis clear (53). 


TABLE Vn 

Percentagi! Weight of Component Acids in Anuial Depot Fats 


AniniAl 

Haiuiatad 

Palinitio 

Udjib til rated 

Cii 

Cii 

Cjo 

Ca 

Fisli, fresh watf^r 

13-L5 

ra. 20 

40-15 

ca. 12 

0 5 

Marine 

12-16 

15-18 

27 30 

20 25 

18-12 

Whale 

12-15 

13-18 

35-40 

15-20 

5- JO 

Frog 

11 

15 

52 

15 

TorliOisc 

J4 

9 

65 

1 

7 

Lizard 

18 

10 

56 

1 

1 

5 

Domestic fowl 

25-26 


ro. GO 

0 5-1 

Rat 

24-28 

7-8 

ca. 60 

0.3-0. 6 

Kangaroo 

25 

3 

48 

3 

Cat 

29 

4 

43 

Trace 

Wk 

25-29 

2-3 

50-05 

0.3- 

-1 

Ox 

27-30 

2-3 

40-50 

0 2-0.5 

Slioep 

23-28 

12 

40-50 

0.6 

Rear (sloth) 

29 

11 

62 

1 

2 

Lion 

29 


40 

1 

3 

Baboon 

19 


07 

0.5 

Human 

24-25 


.53-67 

2-2.5 


A detailed study of fat from various organs also showed cliaracter- 
istic differences in the relative amount of the component fatty acids. 
Table VIII shows a comparison of the content of component fatty 
acids in the lipides of the depot and the liver (50). ft should bo 
added, that the component fatty acids of milk fat and of some lipides of 
the brain (e.g., cerebrosides) are characteristic. Thus milk fat con- 
tains a high proportion of fatly acids of short chain length (Cf-Cm). 
The cerebrosides of the brain contain normal C*-, Cm, and Cji fatty 
acids and their a-hydroxy derivatives (25). 

While the component fatty acids of animal depot fat do not show 
wide variations in the number of acids usually found, plant fats differ 
considerably in the t 3 rpc and constitution of component fatty acids, 
and hitherto unknown fatty acids are continuously being' discovered. 
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From the point of view of constitution, the finding (22) of a Cu fatty 
acid containing one terminal double bond and two acetylenic link- 

TABLE VIII 

DiBTBiBonoR OF Individual Fattt Acids in Lifidbb from Somb Oboanb 


Acid 

Depot 

irlyoeridoa 

Liver 

KlyserideH 

liver 

phospholipiile 

Palmitic 

IliKh 

High 

Lc3wer 

Stearic 

High 

Low 

Higli 

llexadcccnoic 

Very low 

Higher 

Modiuiu 

G» unsaturaied 

High 

High 

Lower 

C« and Cn unsaturatod 

Veiy low 

Medium 

High 


TABLE IX 
Analysis of Yeast Fat 


AnulysiB 

Nevrman 

and 

Anderson 

(91) 

Tdiifrl 

p£ ttL 

(133J 

Peck 

and 

llauecr 

(96) 

lleiHicrt 

U05) 

llilditeh 

(51) 

SaerhatomyiM 

rerscMtor 

BloBtO-- 

mycBB* 

7'p rvZa 
utilis 

Yeaht 
No. 72 

Fat content (per cent dry 




M 


wt.) 

6.0 


0.5 


30 (av.) 

Chemical characteristics 


HM 


WHM 


Saponification number 

■PTOIH 


191.5 

mEmm 

205.5 

Acid number 

mPmM 

■ESsa 

45.3 

Wiyjia 

67. 8t 

Iodine value 

WiltM 

130.4 

106.1 

MKiim 

62.6 

Unsaponihablc matter, 






% 

46.7 

19.6 

8.0 

12.3 

2.4 

Fatty acids, % 

47.4 

06.4 

88.0 

77.3 


Component fatty acids 






Steam volatile 


7.3 




Myristic 




0.3 

0.1 

Palmitic 

ca. 13.5 

13.5 

11.3 

7.9 

25.6 

Stearic 

ca. 4.5 

8.3 

5.5 

3.8 

5.0 

Saturated Cao, Ca*., aii<l/ 






or higher 




0.2 

5.1 

Liquid-saturated falty 






acids 






ITexadecenoic 

ca. 19 5 



7.6 

1.3 

Oleic 

] 

66.9 

62. 5 

21.5 

54.5 

Octadecadicnoic 

l58.5 

4.1 

21 0 

40.7 

5.7 

Oetadecatricnoic 

J 



4.4 

0.7 

Unsaturated Cao-aa 





1.1 

Unidentified unsatu- 






rated 

0 0 






* £. dermatitidis. Results of one an&lyuB of a series of two. 
t The high acid value of this yeast fat is, in the author's opinion, due to the 
procedure used in isolating the fat. Hydrolysis of the yeast with 1.0 N ^dro- 
chloric acid prior to extraction of the fat usually gives a fat with only 2-5% free 
acids (calculatod as oleic). 
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ages (erythrogenie acid) is of particular intereBt. Much attention is 
being paid to the component fatty adds of acid-fast bacteria, many 
of which contain branched chains (see 1). Branched-chaJn fatty 
acids have recently also been isolated from wool fat (145). 

Since much of the work described in previous chapters has been 
done on yeast, some data on the composition of yeast fat will be given, 
since this subject has recently received considerable attention. In 
Table IX are recorded some of the analyses. 

It will be seen from this table that the fat from the only typical fat 
yeast (No. 72) is characterised by a low content of \msaponifiable 
material as compared with the other yeasts. The component fatty 
acid represent a relatively simple mixture. No such detailed analy- 
ses have been carried out so far on tlic fat of other fat yeasts. The 
chemical characteristics of the fatty acids isolated from some other 
fat yeasts {Torvlopm lipofera, yeast No. 74) in the writer’s laboratory 
differed only in the iodine value, os shouTi in Table X (61). It will 
be shown later that the degree of unsaturation of fatty acids of these 
yeasts is dependent to some extent on the conditions of cultivation. 

According to some analyses of yeast fats, volatile fatty acids were 
found among the component fatty acids (see Table IX). Weiss 
(144a) actually isolated an optically active, steam-volatile acid, most 
probably a mixture of two isomeric isovaleric acids. In tliese analyses 
the methods of cultivation of the yeast used and the conditions of 
isolation of the fat were not reported. In the author’s opinion, where 
commercial samples of yeast or yeast fat are used, it might not always 
be possible to exclude an admixture to the fat of vuiious antifoaming 

TABLE X 

Analtbts ok Fat kuom VAnioub Fat YEASTfa* 

Analysin 

Unsaponifiable matter, % 

Fatty aidds, % 

Mixed fatty acids, I.V. 

Saturated fatty acids (Twitchell), % 

Iodine value 

Saponification equivalent 
M&ed saturated fatty acids, ni, p. 

Unsaturated fatty acids, % 

Iodine value 

Rapoidfication equivalent 

* The fat was isolated from the residue after acid hydrolysis of the yeast. 


Tnrulopnta 

lipoftra 

YeBBt 

No. 72 

YBMt 
No. 74 

2.64 

1 74 

0.67 

02 I 

02 4 

63.7 

73 6 

61.0 

52.7 

19.06 

30 65 

38.80 

0 82 

4 62 

0.89 

273 7 

273 0 

272. r, 

— 

54" C. 

64" C. 

80 04 

09.35 

01.20 

92.5 

91.2 

88.9 

290 5 

283 4 

281.6 
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agents used in the cultivation, thus influencing the analyses of the 
component fatty acids. 

The composition of fat can bo considerably influenced by a num> 
her of factors. Tliis is to be e^qiected when it is realized that fats arc 
nut inactive reserve material, but take active part in the metabolism 
of the cell or organisms, as was shovm by the work of Schoenheimer 
and associates (114), t.e., at the same time fats are continuously being 
utilized and synthesized. Changes in the metabolism of the living 
cell may therefore bring about changes in its fats. 

In animals, the most important factor influencing the composition 
of depot fat is the nature of the diet. Tlie deposition of dietary fatty 
acids in the depot fat of the animal can change to a considerable ex- 
tent the composition of the fat. This has been demonstrated by 
numerous investigators (see reviews of Anderson and Williams, 4, 
and Mendel and Anderson, 86). Thus, Ellis el al. (33) showed that 
increasing amounts of cottonseed oil (major component fatty acids: 
palmitic, oleic, and linolcic acids) added to a standard diet bring 
about considerable changes in the depot fat of pigs (Table XI). 


TAPLK XI 

Dei'ot Fat of Fun Vabyinh Rations or CoTTONhOED Oil (33) 


Dirt 

Tiit, 

1 V 


rtiniponpDt fatty iioidf, % 


Mviih- 

llL 

ruliiii- 

hr 

Stoaiic 

Oleir 

Lmo- 

ItiU' 

liasal iLipL 

m n 

1 7 

2.') 5 

13 7 


8 0 

und 4% oil 

00.5 

1 1 

25 0 

21 1 

31) 5 

13 3 

and 8^r nil 

4 

0 R 

21 0 

23 3 

35 8 

18 2 

and 12% uil 

77 4 

1 1 

13 K 

20 5 

31 8 

20 8 


When, on the other hand, the animal is placed on a diet high in 
carbohydrate and low in fat, it rapidly synthesizes fat of a character- 
istic composition. Thus Longeneckrr (71,72,74) demonstrated that 
rats on a liigh-carbohydratc, fat-free diet deposited fat, which con- 
tained a particuloi'ly large amount of €» acids (palmitic and hexa- 
dccenoic acids). Similar results were also obtained when fat forma- 
tion from cai’bohydratc v ns enhanced by the addition of thiamine to 
the diet (74) . This result is in agreement with earlier work, especially 
of Ellis and associntes (32,34), who demonstrated the hardening ef- 
fect of a diet high in carbohydrate on the depot fat of pigs. The 
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impoitaiice of these observations on the views on the mechanism of 
fatty acid synthesis will bo discussed later. 

In fasting animals (rats) the composition of the fat undergoes but 
slight changes (71); similar results were also obtained in pigs (54). 

Under normal dietary conditions animals appear to have a tend- 
ency of maintaining the relationship of saturated and unsaturated 
fatty acids constant within certain limits (thrc'shold lovely see 7,71, 
75). 

Temperatwre, in animals, appears to influence the unsaturation of 
the depot fat. When comparing the setting points and iodine value 
of depot fat of pigs token from different layers of the body surface 
(or maintained for sum(‘ time at different temperatures) Heniiques 
and Hansen (49) shoxt'ed that a definite relation exists between the 
temperature of the tissues and the saturation of the fat, i.e., the 
higher the tissue temperature, the higher the setting point, and the 
lower the iodine value (I.V.), of the fat. Thus, perinephric fat had 
an I.V. of 47 .7 compared with 60 of the outer-back fat. These results 
w^ere later confirmed by Dean and Hilditch (29). Since the melting 
poinis of fats of cold-blooded animals are lower than those of birds 
and mammals, a generalization of the above-stated relation of tem- 
perature and saturation of fats might be assumed. Hammond (47) 
explains this by the assumption that fats have to be liquid in the tissue 
in order to be of use as a source of energy to the animal. Hilditch (50) 
warns that no such wide generalization con be drawn between the tis- 
sue temperature of the organism and the composition of its fat, point- 
ing out that, for instance, the composition of the fat of marine mam- 
mals resembles very much that of fishes. However, since dictaiy fat 
can greatly influence the composition of depot fat (as shown above) 
one might expect that the composition of fat of, the whale will 
resemble to some extent the fat of the organisms it uses for nutrition. 

Fruenkel and Hopf (41a) studied the effect of breeding tem- 
perature of insects on the iodine value of phospholipides. Thus in 
Phomia the I.V. of the isolated phospholipides dro])ppd from about 
90 (at a breeding temperature of 18“C.) to about 64 at a breeding 
temperature of 36“C. Similar results were obtained in the spt'cies 
CaUipkora. 

The effect of temperature has also been studied in some micro- 
organisms. In some molds, Pearson and Kaper (95) and also Ter- 
roiiie et d. (140) found that the I.V. of the fatty acids decreased with 
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increasing temperature of cultivation, while in AapergHlus fiseheri no 
effect of temperature was found (99). 

The j>H of the medium also appears to influence the composition of 
fat, as diown by Pontillon (97), who found that the melting point 
of fatty acids of AapergtUua niger was somewhat hi^er when the 
mold was grown on acid medium than on neutral or slightly alkaline 
medium. 

A number of authors found that the eoruxTiiraiion of mibstreUe 
(glucose) influences the degree of saturation of the fat. Thus, in A. 
flauue (144), the melting point of the fat increased when the concen- 
tration of substrate was raised from 20 to 30-40%. For further refer- 
ences on this subject, sec Beruhauer (13). 

One may therefore summarize the foregoing by stating that the 
composition of fat in the living cell, in itself specific, may be influenced 
by changes in the metabolism (temperature, pH, age, etc.) and also 
by nutritional factors (fattening or starvation, composition of food, 
component dietary fatty acids, and also their possible preferential 
absorption). 

IV. Mechanism of Fatty Acid Synthesis 

Longeneckor (73) in his review summarizes the criteria for any pro- 
posed mechanism of fatty acid synthesis in the living cell as follows; 

In order to prove coiupletcly satiafftctory, any proposed mechanism, . .should be 
in accord with the following! 

(1) The qualitative and quantitative fatty acid com|M)8ition of the ''synthetic” 
fat. 

(2) The position of the double bond in the unsaturated acids synthesized, and 
the cu configuration of those acids. 

(3) The in vwo relniionship of the vitamin B complex to the synthesis. 

(4) A rate of synthesis comparable with that observed in vivo, 

(5) Equal rates of synthesis for the saturated acids and somewhat lower rates 
of synthesis for the unsaturated acids. (This point may require some modifica- 
tion after further studies have been performed.) 

(6) Approximately one-lialf of the hydrogen atoms should be derived from the 
body water and the other half should remain attached to the carbon chains under- 
going transformation. 

(7) The hydrogen derived from body water must be evenly distributed through- 
out the molecule. 

In the foregoing a short account of the conditions of fatty acid (fat) 
synthesis and of the composition of fat has been given. It remains 
now (I) to summarise the evidence available for the possible nature of 
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the first product (products) of syutheds in the biologieal oonveraon 
of carbohydrate to fat; and (r) to revievr the existing theories on the 
mechanism of fatty add syntheds from carbohydrate in the li^t of 
available evidence. 

A, POSSIBLE NATURE OF THE FIRST PRODUCT OF SYNTHESIS 

In the last few years condderable evidence has accumulated to 
show that rapid fat synthesis in animals or some microorganisms 
leads to the formation of fat of a rather saturated character. Some 
of the experimental results have already been mentioned previoudy. 
The most detailed study was made by Longenecker (71,72,74), who 
showed that the major fatty acids in “synthetic fat” were palmitic, 
oleic, and hexadecenoic adds. Hilditch and associates (5,52) can- 
eluded that animal fats synthesised from carbohydrate are predom- 
inantly palmitodi-Cis-glyGCrideB. A decrease in the unsaturation of 
the fat during fat sjmtliesis was also observed by Mendel and Ander- 
son in pigs (2), and by Kloinzeller in T. lipofera (60). Some unpub- 
lished experiments from the author’s laboratory give still further con- 
firmation to these observations. As shown in Table XII, in three 
strains of fat yeasts during rapid fat foraiution from carbohydrate 
the I.V. decreases mth increasing fat content of the cells. Boxer 


TABLE XII 

CllANOKB IN luUINE VaLUBB OF FaTTT AcTDS IN YJBABT FaT 
DcnuNa Fat Fobhation (61) * 


TorulopuiM Upoftra 

Ypnat No. 72 

Yeast Na 74 

Ter cent fat, 
diy wt. 

LV 

Pur rent fat, 
dry wL 

l.V. 

Per cent fat 
dry wt. 

I.V. 

20.4 

90.5 

27.9 

62.7 

17.7 

69.6 

19.3 

93.5 

32.5 

59.3 

24.6 

48.2 

24.1 

82.3 

— 

— 

32.4 

49.1 

25 5 

80.5 

— 

— 

40.5 

43.1 


* Sunplro from the eama culture withdrawn at various stages of fat formation 
and aaslysed. 


and Stetten (17) also demonstrated that during fat B3mthesi5 in ani- 
mals supplied with DsO the saturated fatty adds contained a higher 
percentage of deuterium than the unsaturated ones. 

Furthermore, the observation of Rittenberg and Bloch (107) — 
thatMuring fat formation from isotope-labeled acetic acid (Clii in the 
carboxyf group and D in the methyl group) the saturated fatty acids 
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ooDtained a considerably hi^er amount of both isotopes than the 
unsaturated adds— would also suggest that fatty adds synthesised 
ftrom acetic add are of a saturated character. Further work of these 
authors (108) showed that the distribution of isotopes was even 
throughout the molecules of fatty acids formed, giving convincing 
proof for a condensation of Cs units to form the carbon cliain of 
fatty adds. 

Qn the other hand, the inability of mammals to synthesise some 
more highly unsaturatod fatty adds {e,g,, octadecadienoic and ooto- 
docatrienoic adds; sec 18,19,134) would appear to suggest that these 



Fig. B. Di'utniiiin rimteut of saturatt'd and unHaturated 
fatty acidi> (100). 


compounds are not intennediates in the synthesis of fatty acids from 
carbohydrate. Highly unsaturatod compuimds have been postulated 
to be intermediates in fatty acid synthesis by some theories, and 
Beichel and Schmid (104) actually claimed that they demonstrated 
the formation of fatty acids from hcxadienal and octatrieual (which 
mi^t arise by condensation of several molecules of acetaldehyde) in 
Endotnyces vetrudia. 

The work of Sehoenheimer and associates also showed that in the 
synthesis of fatty acids a considerable proportion (about 50%) of 
the hydrogen atoms of the acids was derived from body water (109). 
The rate of synthesis of the saturated fatty acids (palmitic and 
stearic) was about twice that of the unsaturated acids (see Fig. 8). 
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In some plant aeeda ie.g., linseed) the first product cl synthesis does 
not appear necessarily to be a saturated fatty acid. In the experi- 
ments quoted earlier (37; see Fig. 2 , page 301) the iodine value of 
the linseed oil was 114-127 up to the seventeenth day alter flowering> 
i.e,, until the percentage of oil content in the seeds had about reached 
its maximum^ and then the l.V. rapidly increased further to reach the 
final value of 190. 

The experimental results quoted above appear to suggest that the 
fatty acids synthesized from carbohydrate (or Ct compounds) are 
saturated acids. The available evidence does not allow us to state 
whether the unsaturated fatty acids are formed by secondary dehy- 
drogenations of the saturated fatty acids (and this could only be 
limited to some unsaturated fatty acids) or whether a different path- 
way for the synthesis of the unsaturated acids exists. 

According to some views on the mechanism of fatty acid synthesis, 
lung-chain aldehydes are considered to be intermediates in the syn- 
thesis. In this connection the work of Waelsch and collaborators 
should be mentioned. It was shown (142) that in rats fed D 3 O the 
couceutration of deuterium was particularly high in the alcohol frac- 
tion of the unsnponifiable material, \vhile very little deuterium was 
found in the higher fatty aldehydes (31). The authors discuss the 
possibility that higher fatty alcohols may be intermediates in the for- 
mation of fatty acids from carbohydrate. 

B. INTERM EDTATP: STAGES BETWEN CARBOHYDRATE 
AND FArJT ACIDS 

IVo major theories liave b(‘en put forward to explain the mecha- 
nism of fatty acid synthesis from carbohydrate : (f ) Emil Fischer sug- 
gested condensation of carbohydrate molecules with the formation of 
long chains, and subsequent reduction of the hydroxyl groups. (IS) 
The carbohydrate is first broken down to Ca (or Ci) compoun<ls, w'hich 
then condense to form long chains. Among those compounds espe- 
cially acetic acid, acetaldehyde, and pyruvic acid were considered. 
Since both these vien^ (and their modificatiooR) have been fully dis- 
cussed in a number of monographs, it may be unnecessary to repeat 
them in detail. For detailed accounts see Smedley-Madcan (119), 
Bemhauer (13), and Hilditch (50). 

The balance of evidence at the pivsent time appears to be in favor 
of the breakdown of carbohydrate prior to a condensation. 
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Evidence: (/) Synthesis of fatty acids from Ci compounds (etha- 
nol, acetaldehyde, acetic acid) and Ci compounds. It might be ar- 
gued that these compounds are first condensed to carbohydrate, and 
only then condensed to fatty acids. This argument cannot be valid 
in view of the work of Rittenberg and Bloch (107) and also White 
and Werkman (150). These authors demonstrated that the carbo- 
hydrate of the tissues or of the yeast did not contain any appreciable 
amounts of isotopes when labeled acetate was used as substrate for fat 
synthesiB. N o information is, however available as to the mechanism 
of this condensation. Although condensation reactions of, c.p., acetic 
acid arc well known (formation of acetoacctic acid — ^reaction by which 
acetic acid enters the tricarboxylic acid cycle), details of their mech- 
anism have not yet been established, (g) Synthesis of fatty acid 
from pentoses, lliis mi{dit be expected to lead to the formation of at 
least some fatty acids with an odd number of carbon atoms, which 

TABLE Xlll 

Phobphobus Uibtubution in Toruhptit Upofera 


Acid-soluble F, MR./g. ypast m 


Medium 

ortho- 

phoA- 

phate 

pyru- 

|lh0B* 

phate 

organio 

P 

bCAOSA 

diuho^ 

phate 

Alkali- , 
labile 

P 

Total 

Glunofle, 0.002 M 
KH 1 PO 4 

1.15 

2 . 0 i 

2J4 

1 . 7 .') 

0 30 

R a? 

Glucose, 0.002 1/ 
KU,P04, 0.0003 M 
iodoaretate 

0.85 

2.00 

3.26 

2.68 

0.14 

6.17 


ivere not found in nature. In this connection it should be recalled 
that fat formed from pentose did not differ in its chemical characteiis- 
tics from that synthensed from glucose (6). A more thorough inves- 
tigation of the metabolism of pentose in a fat yeast, now being car^ 
lied out in the author’s laboratory, might shed some further light on 
this subject. (5) Accumulation of phosphorylatcd intermediates of 
carbohydrate breakdown. Under conditions in which fat formation 
is only partially inhibited, iodoacetatc leads to an accumulation of 
phosphorylated intermediates of carbohydrate metabolism in the 
yeast cell (60) ; see Table XTII. AH the above arguments may be 
valid only if it is assumed that only one pathway of fatty acid synthe- 
sis exists. 



















BTMTHSIBIB OV UffillSB 


329 


The sole argument cited in favor of Fischer’s theory is the fact that 
Ctt adds predominate in the component fatty acids found in nature, 
and that, in addition to these, fatty adds containing a multiple of 
six carbon atoms appear to be most frequent (Cu and Cm). 

None of the existing views can, however, explain satisfactorily the 
occurrence of spedfic groupings most frequently found in fatty adds, 
e.g., RCH=<!H(CHi)rCOOH. It was mentioned above that in 
animal tissues dehydrogenases have been found which have been 
stated to dehydrogenate spedfically stearic acid to oleic without 
further attacking the oleic add formed. This finding would agree 
with the fact that the animal organism is not capable of synthedsing 
more highly unsaturated derivatives of oleic add, e.g., octadecadienoic 
and octadecatricnoic acids, llie formation of the last-named adds 
in lower animals and in plants might possibly proceed with the help 
of some specific enzyme capable of further dehydrogenating oldo 
acid. This, however, is speculative, since there is no evidence either 
for the syntheds of the more hi^y unsaturated fatty adds from 
oleic acid, or for their formation from carlmhydrate by a specific 
pathway. Actually, the new interpretation of the earlioivdescribed 
observations on the increase of the l.V. in maturing seeds, offered 
by Chibnall (see 50), suggests that the formation of the more hi^y 
unsaturated fatty acids might proceed in these seeds independently 
of the formation of, t.g.^ oleic acid. 

No suggestions have been offered as to the mechanism of synthesiB 
of some structural peeuliarities of fatty adds, e.g., the cts configura- 
tion of unsaturated adds, branched chain acids, or those containing 
one or several acetylenic linkages. It sliould also be mentioned that 
the conditions governing the formation of the chain length of fatty 
adds particular for a given tissue, or species, are not dear either. 

It would appear that the available evidence does not allow a 
statement to be made os to whether fatty adds found in nature have 
all been qmthetized by one mechanism, with subsequent metabolic 
changes of the first product of condensation (lengthening or shorten- 
ing of the chain length, dosaturation, or saturation, etc.), or whether 
several pathways of synthesis of fatty adds of major or minor impor- 
tance exist. The author considers that a dear-cut statement as to the 
conditions of biological conversion of carbohydrate to fatty adds is at 
present of more value than any speculation about possible mecha- 
nisms without solid experimental evidence supporting it. 
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It may therefore be poseible to summarize : (I) Biological syntbe- 
sis of fatty acids from carbohydratie is an aerobic process, accompa- 
nied by a production of carbon dioxide. (S) Phosphate enhances fat 
formation from carbohydrate. The available evidence docs not make 
certain whether phosphate is required only for carbohydrate break- 
down or also for the condensation of carbohydrate breakdown prod- 
ucts into fatty acids, (d) Vitamins of the B group, especially thi- 
amine and pyridoxine, play a role in the formation of fatty acid from 
carbohydrate (and protein) . (4) Fatty acids con be synthesized from 
a number of Ci and Cs compounds, llie carbon of Ci compounds 
used as substrate is evenly distributed throughout the chain length of 
the synthesized fatty acid. (5) Body water supplies about 50% of 
the hydrogen atoms of the fatty acids synthesized, 'ilic hydrogen is 
evenly distributed throughout the chain length. (&) The saturated 
fatty acids are syntliesized from either carbohydrate or carbohydrate 
breakdown products more rapidly than uusatiirated acids. 

• 

y. Synthesis of Phospholipldes 

This subject has lately been reviewed by Sinclair (117) and it is 
therefore proposed to deal with it only briefly. 

The synthesis of phosphohpide in the animal w'as demonstrated by 
the use of labeled fatty acids or radioactive phosphorus. The turn- 
over of these labeled compounds suggests that in the animal the liver 
is the main site of synthesis of phospholipides. 

In microogauisms phospholipides usually form a considerable pro- 
portion of the (scU lipides. Thus, yeast phospholipides have been 
stated to form 13% (91), 26.8% (28), and 00-80% (30) of the total 
lipides. In microorganisms the synthesis of phosphohpide from car- 
bohydrate is evident, since these organisms can be cultivated on syn- 
thetic media. Using radioactive phosphorus, Ohoikolf H aZ. (40,136) 
also demonstrated synthesis in liver shoes. Hieir further work 
is particularly interesting because it slieds some hght on the metabolic 
processes taUng place during phosphohpide formation. Incubating 
hver slices in a medium containing Fb, the incorporation of phosr 
phorus into phosphohpide was demonstrated under aerobic conditions, 
while under anaerobic conditions no phosphohpide was formed. 
This is in agreement with calculations showing that the incorporation 
of pho^horic acid into phosphohpide is an energy-consuming reac- 
tion, and therefore synthesis of phosphohpide must be coupled with 
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an pnergy-producing reaction. Further experiments showed that 
various respiratory inhibitors such as cyanide, aidde, hydrogen sul- 
fide, and also carbon monoxide inhibit phospholipide syntheas, sug- 
gesting the participation of the cytochrome system in this process. 

The exact mechanism and the sequence of tlie various synthetic 
processes involved in phospholipide synthesis (esterification of phos- 
phate with glycerol or diglyceride, esterification with the amino 
moiety) are still obscure. 

VI. Synthesis of Sterols 

The s 3 mthesis of sterols has been clearly demonstrated by a num- 
ber of authors (23,101,115), and it was shown by Schoenheimer and 
associates (15,16) that the animal can utilize acetic acid os substrate 
for sterol synthesis. At the same time, the e:q)erimcnts from Schoen- 
heimer’s laboratory sliowed that deuterium from body fluid is used in 
the synthesis of ch(»lesterol (109). 

In microorganisms (molds and sreasts) sterol (mainly ergosterol) 
forms a high proportion of the unsaponifiable material. I'he amount 
of sterol in these organisms varies between 0.1 and 1.7% (for refer- 
ences, see 13). Since these organisms {e.g., yeast) can grow on syn- 
thetic media, the formation of Merols from carbohydrate substrate is 
evident. 

The conditions of formation of ergosterol have been studied in 
some detail in yeasts and molds. Synthesis of sterols from carbo- 
hydrate is an aerobic process, since in nonaerated suspensions, or 
under anaerobic conditions, no sterols were formed in yenst, while 
with good aeration the amount of ergosterol increased from 2.65 to 
8.4-12.9 mg. per g. yeast (dry weiglit) (78). Although pH and salts 
influence the formation of sterols (9.97), no evidence is available 
which would allow conclusions to be drawn as to the exact depend- 
ence of sterol synthesis upon these factors. There exists, however, 
good evidence that ergosterol can be synthesized from some C52 com- 
pounds. Thus Haldcn et a/. (44,123) succeeded in increasing tlie 
sterol content about sixty times by keeping a yeast suspension in thin 
layers on agar containing sucrose, and supplying oxygen and alcohol 
vapors. Sonderhoif and Thomas (124) demonstrated that when 
using trideuterioacetic acid as substrate, a considerable amount of 
deuterium acciunulated in the unsaponifiable material, suggesting a 
synthesis of sterol from acetate. Further evidence for the synthesis 
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of sterol from acetate was supplied in yeast (78). It is of interest 83 
note that most of the sterols formed were present as estera (78), anot 
the idea was advanced that sterols might act as a detoxicating s ge««d 
against the excessive production of fatty acids. The validity of thist 
view appears to be questionable since in resting cells of certain other 
yeasts rapid fatty acid synthesis occurs without appreciable fonnation 
of unsaponifiable matetiaJ (see Table II). 

Although there now exists some information about the possible 
short-chain compounds which may serve as basic units for the syn- 
thesis of sterols, the mechanism of this condensation is still completely 
obscure. 


VII. Synthesis of Some Wax Constituents 

A number of investigators examined the metabolism of plant and 
insect waxes. The constituents of some characteristic waxes from 
insects and higher plants are listed in Table XIV. 

Hall and Gisvold (46) found that the wax isolated from growing 
tips of Pinus caribea contained, among others: cyclic components; 
paraffins n-saturated fatty acids Cm, Cto, Cso; melissyl alcohol 

(n-l-tiiacontanol) ; lO-nonacosnnol; and probably unsaturated Cu 
acids. The waxes of marine animals are characterised by shorter 
chain aliphatic alcohols of twelve to twenty carbon atoms, and also 
unsaturated aliphatic alcohols CiiK^' 22 - In addition to these dcohols 
in ester linkage with fatty acids, some of these alcohols, i.e., hexadecar 
nol, octadecanol, and octadecenol, are hmnd in waxes of some marine 
fishes in ether linkage ^vith glycerol, and are known unde.r the names 
of chimyl, batyl, and sclachyl alcohols, respectively. The saponi- 
fiable material from marine animals and also from some microorgan- 
isms contains an imsaturatcd hydrocarbon, squalcne, CuHio, and also 
paraffins isooctodecane (pristone) and possibly octadccene. For de- 
tails on the composition of plant and animal waxes, see Hilditch (50). 
For details on the constitution of waxes of acid-fast bacteria the au- 
thoritative review of Anderson (1) should be consulted. 

Elvidence for the synthesis of waxes from other constituents of 
plants was supplied by Sahai and Chibnall (111), who showed that 
while no wax was present in the seeds of Brussels sprout, the amount 
of wax in the leaves of the seedlings increased with the age of the 
plant (Table XV). Similar results were obtained on examining the 
runner bean (57). Rapid synthesis of waxes is obvious in micro- 
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arganiamB e^cially in add-fast bacteria, because of the high content 
of wariike subBtances in these bacteria (5-11% of dry weight) when 
grown on purely synthetic media. 


TABLE XV 

AMorter of Wax iv LcAVKh of Brurhelb Rfbout of Various Ages 


u*® 

BDOVP 

■roundf 

days 


Fur Qcnt nf frasb woigbt 

Condiiiuu of plauta 

Total 

pthpr 

nxliact 

Wax 



UnKerniinaled 

37.8 

0 0 

33.8 

10 

Se«^liugH 2 cm. IiikU 

0 64 

0.05 

0.17 

22 

RccdliiiKb 3^ cm, hiidi 

0 83 

0 10 

0.16 

43 

Plant 8-10 L-m. high 

0 74 

0 13 

0.15 

54 

Plant, laminae 8-l0 cm. 
long 

0 75 

0 15 

0 14 

126 

Mature plants, laminae 
15-25 cm. long 

0 49 

0.18 

0.00 

221 

Aged plantH 


0 21 

0.11 


On the basis of their investigations Chibnall and Kper (24) sug- 
gested a scheme of synthesis of wnx constituents (higher aliphatic 
alcohols, ketones, and paraffins) from fatty ueids. The authors as- 
sume that the primary alcohols found in waxes are formed by reduc- 
tion of the respective, fatty acids. Oxidation on the /3 carbon, or 
condensation with a Cj eompound would then lead to the formation of 
alcohols of shorter or longer chain length, as shown in the following 
scheme; 

RCUiCHiClLOII « nClIiClLCODlI 

JICOCILCOOII » RCOCIL 

I RcfcoHCH, 

RCH.OU < RCOOH RckcH, 

It is of interest to note that in the animal (rat) Stetten and Schoen- 
heimer (134) were able to demonstrate that higher alcohols (c.g., 
hexadccanol and octadecanol) are readily converted to the respective 
fatty adds (palmitic and stearic add) and vice versa. According to 
the above scheme, d-kctonic adds, formed by oxidation of fatty add 
on the j9 carbon, would give rise to methyl ketones (after decarboxy- 
lation), and these, by reduction of the carbonyl group, would load to 
parofl^ of one carbon atom less Uian the original acids. This 
scheme is therefore in accordance with tho observation that parafSns 
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found in waxes from higher plants and insects have always been 
found to contain an odd number of carbon atoms. Although higher 
methyl ketones, corresponding to the paraffins from waxes have not 
boen found so far, a number of such compounds of lower chain length 
have been isolated from plants, e.g., methyl heptyl, metliyl nonyl, 
methyl undeeyl ketones- Sin(>(' the above sehcme was foimulated, 
Pongbom and Anderson (94) isolated from acid-fast bacteria two 
secondaiy alcohols with an evm number of carbon atoms, i.e., dr^ 
octadecanol, CHt(CIIi)uCHOHCHi, and d-2-eieoMuiol, CHi(CI1i)it- 
CHOHCHi. These alcohols could not be synthesized according to 
the above scheme unless one assumes that these bacteria, wliich are 
characterized by a very peculiar metabolism, are capable of forming 
straight-chain fatty acids with an odd number of carbon atoms. So 
far, whenever a claim has been made that r^-fatty acids with an odd 
number of carbon atoms have l)een isolated, subsequent research 
showed them to he a mixture of near even-numbered humologs. 
Fatty acids, apparently belonging to the Cit, C and Cu series (some 
of them optically active, suggesting branched chains), have been 
found in the fat of the leprosy bacillus (3) but very i-ecent investiga- 
tions of StSlbcrg-Stcnhagen and Stcnliagen (128), who studied the 
behavior of monolayers of fatty acids of acid-fast bacteria, suggest 
that only mixtures of normal-chain homologs are present. Further 
work on the metabolism of acid-fast bacteria may perhaps shed some 
light on the synthesis of such alcohols. 

Tlie synthesis of hy(h-oxy and ketonic latty acitls found in both 
fata (r.ff., riciuoleic acid) and waxes (IS-keto-n-dotriaeontanoic acid) 
and also some secondary alcohols and ketones found in waxes could, 
according to Chibnall and Piper (24), take place from the correspond- 
ing unsaturated fatty acids. The following Msheme, slightly modified 
to fit the more recent view tlmt hyilroxy fatty acids are not likely to 
be intermediates in the formation of keto acids from the corresponding 
fatty acids, expresst's the essential featuri's of the suggestions of these 
authors: 


R,CH»CHlU(!n,COUH 
ll,COCH,R,OHiCOOU 
R,CHOHCHJt7CH, cooil 


♦ RiClbC[l,R2Cn.COOH 
+ RiCOCIIsRiCII, 

+ HiOHOFlCFbRiCU, 


Since some of the hydroxy fatty acids foimd in nature have the 
hydroxyl group in the a position (e.g., sabinic acid, 16-hydroxyhexa- 



33d 


A. KLUmZBUSl&R 


deoanoio add, juniperic add, 12-hydroxjrdodecaiioic add), they may 
arise in the course of a oxidation (141) of the corresponding fatty 
adds, either indirectly, according to the view of Chibnall and Piper: 

CH.ECOOH ► COOIIRCOOH * CHiOHRCOOH 

or by direct introduction of the hydroxyl group in the methyl group: 

CQiRCOOH > CIIiOimCOOH 

The latter mechanism would appear to bo more likely in view of the 
work of Kuhn et al. (64,65), who found that in the course of the oxida- 
tion of the methyl group, in the animal, e.g. camphor the alcohol 
stage emi be isolated and precedes the formation of the add. Al- 
though so far (I) oxidation of fatty acids in the animal body has been 
demonstrated only for some lower fatty adds (12), this mechanism, 
even for some higher fatty acids, might not be excluded in plants. 

A word of caution should be added about the mechanism of the 
formation of hydroxy fatty acids. Until recently, the finding of ^ 
hydroxy acids as metabolites of saturated or a,j8-un8aturated fatty 
acids was taken as evidence that hydroxy fatty acids are intermedi- 
ates in the oxidative degradation of fatty acids in the animal body. 
Thus, the isolation of /J-phenyl-jS-hydroxypropionic acid in animals 
fed /S-phcnylpropionic acid (26) gave support to the original concep- 
tion of jS oxidation of Knoop (62). Tlie work of Jowett and Quastel 
(58), and later Blixenkionc-MpUer (14) and Kleinzcllcr (59) Suggest^ed 
that jS-hydroxybutyric acid is not on intermediate in the oxidation 
of butyric acid. The work of Friedmann (42) now showed that the 
htcrir. configuration of the hydroxy compound has also to be taken 
into account. He found that in yeast acetoacetic add is reduced to 
i/-/8-hydroxybutyric acid, although the natural ;8-hydroxybutyrio acid 
belongs to the {-series. Some recent work of Friedmann (42a) has 
shown that ^phenyl-j9-hydroxypropionic acid, isolated as a metabolite 
of /3-phcnylpropioiiic add, also belongs to the d-series. Further 
thorough study of the stcric configuration of hydroxy compounds 
found in nature (e.^., methylalkylcorbinols, hydroxy fatty adds) may 
therefore be necessary to help cluddatc the mechanism of their for- 
mation. 

Waxes of higher plants and insects appear to represent mostly end 
products of metabolism, i.e., they are secretions which do not seem 
to be appreciably further metabolized. The role of waxes of acid- 
fast bacteria does not seem quite clear, espedally in view of the find- 
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ing that Bcnne of the ooDstitueats, 8.g., phthioic acid (3,13>19-tri- 
methyltricosaaoic add, 96a) produce in animals ledons characteristic 
for tuberculosis. 

Even higher paraffins can, hoarever, be utilised by some micro* 
organisms. Thus Tausz and Peter (138) found that Bactenwn alt- 
phaticum quantitatively ondises n-hexone, »-octane, n-hexadecane, 
and n-triacontane, and also some higher unsaturated paraffins 
(octacne and hoxadecene) . More recently Tauson (137) found yeasts 
which can metabolise higher paraffins as their only carbon source. 
Stetten (132) foxmd that also tlie animal organism can use paraffins, 
since he observed that, in rats fed deuteriohexadecane, deuterium 
was found in body fatty acids and other lipides. 

The schemes suggested for the synthesis of the various cemponents 
of plant and animal waxes would appear to be in accordance with the 
constitution of most of their individual constituents. Direct proof 
of the convertibility of fatty acids in higher alcohols, ketones, paraf- 
fins, etc., according to the above or possibly btber schemes still 
await further research in this very difficult field. 
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1. Introduction 

AjuonK the naturally occurring uumiol fatty acids, saturated and 
iinaa t.iirftt.ftd straight-chain fatty acids of sixteen and eighteen carbon 
atoms occur most frequently; those with twelve to fourteen and 
twenty to twenty-four carbon atoms are less frequently encountered. 
The almost complete absence in naturally occurring fats of fatty acids 
having five to twelve carbon atoms is particularly striking. A list of 
quantitative data will be found in the paper by Smcdley-Maclean 
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(251). Except for a few adds of low carbon content (Cg, Or, Cg), fatty 
acids occurting in nature do not have an odd number of carbon atoms. 

It can be assumed that fatty acid catabolism occurs in the tissues 
by way of chemically defined reactive intermediates. The concen- 
tration of these mtermediary compounds must be inversely propor- 
tional to the activity of the enzymes that act on the substance. It is 
therefore to be expected that the most important intennediate com- 
pounds concerned with intermediary metabolism in the living tissue 
occur only in small concentrations. This is the reason why some of 
them may have eluded isolation up to now. Since enzyme equilibria 
ate not always alike, intermediate products of fatty acid catabolism 
can be expected to accumulate in some types of cells. This may also 
be true of products of a side reaction not involved in the principal 
metabolic process. As a result, it is possible to obtain an indication 
of possible intermediate products involved in fatty acid catabolism 
from the constitution of naturally occurring sulistances similar to 
fatty acids. 

It will therefore be useful to prepare first a list of the known fatty 
acid-like substances occurring in nature. The following such groups 
are known in addition to the normal fatty acid phosphatides: 

(i) Fat aldehydes in the fonn of plosmalogens bound to glyc- 
erophosphate os acetals (97). Also a.^-unsaturated fatty alde- 
hydes, like the a,j8-hcxylcne aldehyde found in plant leaves (66, 
221; equation 34, page 369). Lipide alcohols occurring in waxes, 

such as cetyl alcohol and others, as well as the a./^-unsaturated hexyl- 
ene alcohol found in the oil of tea leaves (240). (3) Methyl ketones, 
which almost always have an odd carbon number. These probably axe 
a result of the decarboxylation of even-nmiibcred j3-keto fatty acids 
(290). Aromatic sultstonccs in many plant oils and the paraffins 
obtained from plant waxes which also generally liavc an odd number 
of carlmn atoms and which, according to Chibnall and Piper (60) 
may have had their origin in the higher ketones. In addition 
there are many keto fatty acids and ketone alcohols found in plant 
waxes which have a fairly high molecular weight (28,60). (4) <r- 
Hydroxy fatty acids derived from phrenosin and kerasin (61,150) 
as well as /S-hydi oxy decan oic acid which Bergstrdm, Theorell, and 
Davide (11) isolated iTomPseudonumaspyocyanea (equation 13, page 
357); 9,10-dihydroxystearic acid (147) and alcuritic acid (214,234, 
294); equation 36, page 372). (5) Fatty dicorboxylic acids, Ct to 
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C|], such as were obtained by Verkade aijd co-workers (297' 300} 
from the urme of animals fed simple fatty acids of medium clmin 
length. It is conceival^le tliat these acids also occur in normal mcta1x»- 
lism in small quautilies (eq. 38, page 375). In addition, there oc- 
curs an unsaturated ajjS-dodocylcnedicorlmxylic acid, traumatic 
acid, which English, Bonner, and TFaagen-8mit (88,80) isolat.od as a 
wound honiionc in plants ((Hpiation 33, imge 308). (6') Simjde or 
multiple unsaturated fatty acids, with the firbt double bontl afU‘r the 
carboxyl group usually in the 0,10 position: oleic arid, linoleic acid 
linolenic acid, ricinoleic arid, and others (equation 35, page 370); 
arachidonic acid, a 5,0,8,0,11,12, 14, 15-fetraenuie C/m acid (eq. 50, 
page 385), and aleuritie acid, a 9,10-w-trihydro\y fatty acid, also 
belong in this group. (7) Fatty urids with branched chains oeeurring 
in the tubereuliu lipides (2) and also brancheil fatty alcohols, iddc- 
hydes and ketones, such as geraniol, citral, ete,, as well as the squal- 
ones occurring in the livers of certain fish. Tins gr»>iip also iiiclud<‘H 
2-ethyl-2-dodeeylethanol and 2-he.syl-2-oetylptli.s)iol found in the 
liver of the deep sesi fish preOww^ (102). (S) Agancinie 

acid, a paraffin-substittitinl citric acid occurring in Pnlyporm of- 
ficinahts (FncH) (238,291; ei|uation 58, page 35W). Spioidosporic 
acid isolated by riutterbuek, Kaistrick, Riutcnil (04); uiiniolnteie 
acid (21 , equation 58), homologs of citric acid which have iiaraihn 
chain substitutes, and, finally, 7 -kelope]\tiuiecanoic acid. 

investigating the biochemisity of the fatty acid catabolism in the 
animal is more difficult than investigating cartiohydratc or protein 
metabolism and therefore has lagged behind. I'his has been caused 
by several fartom : (/) Fatty acids and their salts are difficultly solu- 
ble in water; this fact, together with the slow diffusibility of fatty 
acids through tlie cell walls, has made it difficult cYpcrimentally to 
bring the .substrate and the enzymes together. Therefore incubation 
of macerated tissue or tissue sections witli fatty acirls has produced 
few results. (2) The poisonous action on tissue respiration of saponi- 
iicd and therefore water-solnble fatty acids permits only low sub- 
strate concentrations in in vitro jneubatiun oxiierimetils and may 
bring about reactions which are of no consoquence tti vivo, (<?) 
The quantitatively relatively small conversion capacity of the tissue 
enzymes with rosiioct to fatty acids, as compared to their capacity 
to act on carbohydrates and proteins. (4) The lack of suitable mi- 
croanalytical methods for the proper differentialion, isolation, and 
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identification of amall quantities of metabolized fatty acids and of 
their metabolites. 

As a result of these difficulties most investigations on the bio- 
chemistry of the fatty acids so far have not been single incubation 
experiments with individual tissues, but have been feeding experi- 
ments with the whole animal.* This was the method used in the dis- 
covery of the classical d ondaliun and u oxidation. Unfortunately, 
experiments on the niotabolisni of the whole animal yield only limited 
information on the mechanism of intermediary metabolism, since 
several organs with varying chemical action take part in the metab- 
olism in an unpredictable manner and sequence. Add to that the 
fact that of all substances fed in these experiments disap- 

peared during intennediary metabolism. It is just these products 
which have disappeared, and their derivatives, which con give us most 
infonnation about the fatty acid catabolism and the mechanism of 
fatty acid synthesis that may l)e connected with it. 

Fiirther development of Ihe biochemistry of fatty acids will there- 
fore continue to depend on exiieriments with short incubn lions of 
individual tissues with fatty acids and subw'quent painstaking micro- 
isolation of the products of reaction even though these methods have 
so far been relatively unproductive. Then, after the mechanism has 
been understood, the enzymes involved will have to be isolated and 
studied one by one, as has already happened to a large extent in the 
biochemistry of sugar catabolism. Microanalyses based on colori- 
metry, respiratometry, the measurement of respiratory quotients 
and the like can be valuable aids in this research. They have little 
value, however, \mless the chemicaJ substance has been isolated be- 
yond doubt and the reaction products have been identified. In 
this connection we may call attention to a report of Bach (7d), to 
which little attention has been paid so far. He showed how (juestion- 
able calculated respiratory quotients can be. 

This paper will discuss only the biochemistiy of the catabolism of 
the fatty acids making the implied and piobable, but not yet proved 
assumption that only the free fatty acids, and not the triglycerides, 
are catabolized. It is not yet clear whether phosphorylated inter- 
mediaries are involved, such as phosphatides or lipide aldehyde 
aoctalphosphatides, i.e., the plasmalogens or acyl phosphates. For 
further reference, in addition to the yearly reports on the biochemis- 
try of fats contained in Annual Hevieiv of HiochemiMry, special atten- 
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tion is called to the concise book by l^raedlejr-Maclean (262), Thv 
of Fat, and the detailed treatise of Bloor (27), Btochemia- 
try of the Fatty Acids, which have appeared recently. 

II. p Oildatiott 

The first step toward an uiiderstandinK of the metabolism of fatty 
acids was made by Franz Kiioop in 1900 (152) in his classic paper on 
P oxidation. He found tliat, contrary to all previous assumptions 
conceminR the ineehanism of the oxidation of the fatty acid molecule 
in the body, the rarbon atom which had the P position with respect 
to the carboxyl firoup was most readily attacked by the cells. 
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In spite of its experimental verification the P oxidation theory did 
not at first meet with residy acc(‘i)tance. It was accepted only when, 
in ItlOd, Dakin Ui7) succeeded in showing that the protons located at 
the j0-carlMin atom can be most easily rejtlaced by oxygen, even when 
the fatty acid was merely subjected to a purely chemical treatment 
with hydrogen peroxide. This shows that in this case, too, the pro- 
tons at the |Cl-carbon atom are more leadily replaced than those at the 
ff-carbon (just the ojuiosite of what takes place when bromine is suli- 
stituted). Later investigations have on the whole continued these 
pundy cheuucal tindiugs of Dakin. Poiibford and Sinedlcy-Maclean 
(226) found that ^-kelo acids were fonned w’lieii they oxidized suberic 
acid (obtained from cork, a ('h-dicarbn\ylie acid) with hydrogen per- 
oxide at (>0°(\ Wicland (lilU) fomul the same when oxidizing a,P- 
unsaturated fatty acids. Clutterlmck and Raper (63), on the other 
hand, were able to identify y- and 5-ketu acids as well as /3-keto acids 
when they oxidized piilmitic acid with hydrogen peroxide. 

Knoop based his theory on results obtainerl from feeding phenyl 
derivatives of fatty acids to dogs, after isolating and identifying the 
metabolite excreted in the urine. He found (see eq. 2) that, when 
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be fed ai-pbeaylvaleric acid, be obtained benzoic acid, while tif-pbenyU 
butanoic acid gave phenylacetie acid; u-phmylpropionir acid gave 
Itenzuic acid and phen3dat’etir arid was excreted unelianged an 
phenylacetie acid. These products aJbO occurred in port in the form 
of gljriup derivatives, i e., os hippiirir acid and plienaceturic acid. 
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In cJich ca^e, as many fwo-caibon fianments wen* oxidized off as 
the nonreaetive benzene riuR peririilled HajUT iiiir) Wayne (233) 
eonfirnied these experiiuents in J928 and (*xlended thciu to cover 
liigher homologs. W'heu Ihcsc were' used, yiehls of hippune ueid 
and pheiiaeeturie ueid were lower, a larRc portion of the acids which 
were fed I 0 the animals liaviuR beeu completely oxidized in an un- 
known fashion. 

'riuerfelder and Kleuk (280) oxteiulerl these hudinRS further. 
When alkyl benzenes are fed, the methyl end groups apparenllj'^ 
underRU a primary oxidation to a carboxyl Rroiip and then imdergu 
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$ (nddation tn become bemoio and phenylacetic a«id derivativsti. 
Tbe authors foimd the results shown by reactions (3). 

DiearbmQrlie acids also underwent oxidati(m. When sebaeic 
arid (C^lrdicarb^xylil• acid) was fed to dopgs, Flaschontrfiger (102) 
found suberic acid (Cs-dicarbo^^lic acid) and adipic odd fC«-dicar- 
Iwxylic acid) m the urine, in addition to 50% of the acid which was 
excreted unehaiii^d. This then meant that a two-way 0 oxidation 
iiad taken place. 

Thomas aird Schottr (289), in 1919, were the first to find that, when 
Hiibstituted u-amino acids were fed, repeated 0 oxidation could occur 
to an extent that even-numlwred fatty acids gave w-aminobutanme 
acid, while acids with an uneven number of carbon atoms gave w- 
ominopropanoic acid. Students of 'rhomas, f.g., Flaschentrftger 
and co-workers (lOo), extended these experiments in order to cover 
nitrogen-substituted u-aroiiio acids, such as — ^N((^Hi) 

((’Hj), — C’OOII. They obtained the same results; depending on 
abether the tstty acid contained an even or an odd numljcr of carbon 
atoms, either the substituted butanoic or propanoic acid — (CHi), = 
(( 'll*)? or fCHsli, respectively — was isolated from thcuriiu'. In every 
in which anything was excreted at all, 0 oxidation took place. 
So far no feeding experiment succeeded in establishing what happens 
to the completely oxidized part of the fatty acid. Ix>vey and Lewis 
(184) report that when u-phcnoxycaproic acid was fed tn rabbits, 
free 0 phenoxyacetic acid was excreted. 

Uemhard and Vischer (20) found that When they fed liehcnic acicl- 
d (Ca), stearic acid-</ (Cu) was found in the depot fat. Bloch and 
Uittenberg (25,20) noted that only even-numliered fatty acids con- 
taining deuterium resulted in acetic acid-d in the tissue after catabo- 
lism, but that this was nut the case with fatty acids edntaining an 
odd number of carbon atoms. See Section XI for a possible explana- 
tion of this phenomenon. 

According to Wakeinan and Dakin (303), liver extracts oxidize 
d-hydroxybutanoic acid. The reverse reaction, i.e., the nxluction of 
ucetoacetic acid to jSdiydroxybutanoie acid, also takes place in the liver 
(68). Mufioz and Jjeloir (212) also discuss liver preparations which 
oxidize butanoic acid. Stable preparations obtained from pig hearts 
whicli oxidize d-hydroxybutanoic acid were prepared by Hoff- 
J0rgeusen (127). Active extracts have also lieen obtained from rat 
kidneys (213). Lang (171) was able to show that such preparations 



350 


F. L, BKBUBCH 


not only dehydrate |9-hydroxybutanoic aeid, but ako any |9-hydro]^ 
fatty acid contaiuinK up to nine carlHui aluiuo. Breusrh and Tulua 
(44) found in Thunberg experiinents that eat liver also dehydratea 
j9-hydroxy fatty aeidb containing up* to foiutecn carbon atoms. 
Breuseh and Tulus were able to report later (46), that when macer- 
ated muscle and liver tissues were subjected to short incubations, 
a- and 0-keto fatty acids disappeared, while this was not the case 
with y- and 5-keto fatty acids. It remains to be investigated how 
keto acids not catabolized in a short experiment woidd liehave under 
conditions of long-tenn exiieriments, such as feeding cxiierimenls. 
Phenylated y-ketohexanoic lU'id, when fed, underwent a nonnal 
oxidation, imaffected by the presence of the y-keto group (155). 
In addition, hydrogenations and keto group reductions take place. 

Thoms (290) was the first to isolate higher methyl ketones from 
leaf oils; later Haller and Lassieur (119) di'd the same with coconut 
fat; suliscqucntly Storklc (2((8) was alile to show that th(‘sc ketones 
are formed by the action of Penicilhvm glaiieuni on tatty acids iifhich 
are oxidizt‘d to jS-keto fatty acids and then split off carbon dioxide 
(see also Acklin, 1). 
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Later Thaler and Grist (28!1) were aide to show that /3-hydroxy 
fatty acids such as pure /3-hydroxycuproir acid or a,/3-unsaturnted 
caproic acid, (\o (282), are also deoarboxylated in part to higher 
methyl ketones by PeniciUium glaucuni. 

It has not yet been determined whctlier the iirbt products of this 
/9 oxidation are /3-hydroxy fatty acids or /3-keto acids directly; the 
product may also depend on the organ in which the reaction is taking 
place. According to Snapper, Grunbuuin, and Neuberg (256), when 
butanoic acid is oxidized to acetoacetic acid in the kidneys, no hy- 
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droi^butanoic acid is formed as an intermediate. Quafltel and 
Jowett (139) obtained the same results with liver sections; this was 
confirmed by Tieloir and Mufloz (182) on liver preparations. Quastel 
and Wheatley (232) report that only intact liver beetiuns are capable 
of oxidizing fatty acids, while macerated liver section cannot do so; 
this of course makes experimentation more difficult. 

In diffusion experiments on liver and kidney sections, Snapper and 
Grunbaum (258) found that plienylpropauoic acid and ff-phenyl-^ 
hydroxyproparioic acid, as well as cinnamic acid, are oxidized to ben- 
zoio acid. Only phenylpropanoic acid and cinnamic acid gave ben- 
zoic acid in the kidneys, while /T-hydroxy-Z^-phonylpropionic add 
splits off water and is primarily excreted in the form of the glycine 
derivative of cinnamic acid (cq. 5). 
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AcTordiiif; to Kuhn and Livada (11)7), far-methylateti w-phenyl fatty 
apidfl undcTRo p oxidation, partially wplitting oflF the methyl group. 
jS-MethylatPil latty acids, cm the other hand, are difficult to oxidize 
and arc mostly excreted unchanged in the urine, though they do 
undergo w oxidation in jjart. It is not known what happens to the 
portion which is missing and does not reappear in the urine. Lang 
and Adikcb (174), howevei, incubated tibsue sections with a-methyl 
fatty acnls without phenyl and obtamed only very few ketone bod- 
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ies, but obtained many when the tiaaue aections were incubated with 
0, y, or i-methyl fatty acids. In view of the complex mechaniem of 
ketone formation, a mere demonstration of ketone bodies, without 
id«itification of the ketones and a knowledge of the mechanism of 
their formation, unfortunately does not tell us much concerning fatty 
arid catabolism (see Section XT). On the subject of methylations, 
see Bach (7e). 

Experimente of Blum and Koppel (3U) have shown that the animal 
organism is readily capable of splitting off methyl side chains, but 
unable to do so with ethyl side chains. When the authors fed dogs 
diethylacetic acid, they were able to isolate methyl propyl ketone in 
the urine (identified as p-nitrophenylhydrasone), but when they fed 
methylethylocetic acid, only methyl ketone was foimd (oq. 6). 
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This result ran only lie explained if we assume that 0 oxidation 
takes place in the first instance, without regard for the ethyl group 
in the a position, while in the second instance, the methyl group is 
split off before 0 oxidation takes place. If this were not the case, 
methyl ethyl ketone — not dimethyl ketone would have been formed. 

In addition to 0 oxidation, there also take place in the body (eq. 
7) reductions of the double bonds which are in a,0 position to the car- 
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bo&yl groups, and there also occur reductions of the carbonyl groups 
(155). 
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Thurt, both 7 -k(‘to-(tf-pheiiylhexaiioi(‘ arid and 7 -keto-A-i-(,e 
phcuylhexanoic arid yield phenylacetic arid and a-hydroxy-y- 
pheiiylbutauoir arid after paasiug through tiie body, but form uo 
trare of benzoic acid. The 7 -keto group lias not interfered with the 
normal course of the fi oxidation. After undergoing j9 oxidation 
and thus splitting out two carbon atoms, the 7 -keto group becomes 
an o-keto group and can readily undergo reduction in this form. 

The only known biocbemiral reaction of a 7 -keto group (eq. 8 ) is 
the reduction after feeding of y-keto-y-pheuyllmtanoic acid (benzoyl- 
propanoic arid) to y-hydroxy-y-phonylbutanoir arid, reported by 
Thierfelder and Srheinpp (2851. In this rase, however, the proximity 
of the benzene ring has resulted in a rliungi* of the electrical conditions. 
Thus, after feeding, acetophenone is oxidized to benzoic acid in part 
(eq. ii2, page 402), while 110 such oxidation has been reported for any 
other methyl ketones. 
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Witzemann (314) has advanced a theory of fatty acid catabolism 
according to which a, 7 -diketo fatty acids are formed first from the 
fatty acids and then oxidized by way of a,^, 7 -triketo fatty acids. 
According to Krebs and Johnson (160), a, 7 -diketopmitaDoic acid 
cm form acetoacetic acid and fJ-hydioxybutanoic acid, after qilitting 
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off carlwii diuxiile, by the action of enzymea. This has been cou- 
firined by Lehnini^ (178). T^hniugcr also found that the animal 
organism bums largely a,Y-diketopeiitanoic acid. In eases of insulin 
hypoglycemia, this acid, just like glucose, helps save the life of the 
patient. Investigations by Breusch and Ulusoy (49) have shown that 
a,Y-diketohexanoic acid and macerated liver tissue do not form ace- 
tone, even in traces, while ^,5-diketuhcxanoic acid forms acetoacetic 
acid and acetone in almost quantitative proportions (see Section 
III). Since, according to Dakin (69), liexaiioic acid, /9-hydroxyhex- 
anoic acid and a,/9-uiisaturated hexenuic acid fonn acetoacetic acid 
with the aid of liver tissue, it seems ijiiprobable that the reaction in 
the liver takes place in the way of an a, 7 oxidation, at least as far as 
hexanoic acid is cuiicenied. The higher a, 7 -diket(> fatty acids —up to 
Cu — which Breusch and Keskin synthesized (42), undergo primarily a 
reduction of the a-keto grou])s in muscle and liver tissues (Bretisch, 
unpublished data). 

Some acids of animal origin are known, where the possibility of 
an a, 7 -oxidatiun can still be i)ustulat(‘d, at least ns on alternative 
side path for the oxidation of special fatty acids. The acids referred to 
are a-keto- 7 -bydroxypentanoic acid (eq. 9), one of the products of 
glucose metabolism of Staphylococcw albus which was isolated by Fos- 
dick and Ba])p (IU7), and a.y-dihydroxy-jS-diinethylbutaiioic acid 
which occurs os a natural constituent of pantothenic acid (268,312); 
there also occurs licanic acid, a 7 -ketolinolenic acid (311a). 
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So far it has not l) 0 (‘n possible to demonstrate clexwly a oxidation of 
fatty acids, with the exception of the enzjmiic oxidation of propanoic 
to lactic acid (29; see however 153). Nevertheless, we must count 
on the possibility in principle that oxygen can also enter the fatty acid 
molecule at the a position, though in a manner as yet unknown to us, 
as is indicated by the existence of hydroxynervonic acid— on unsatu- 
rated oE-hydraxytetracosanoic acid, with the double bond in 9,10 posi- 
tion, found in the cerebroside, phreiiosin (61,150). The existence of 
o-omino fatty acids may also be an indication in this direction. 
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Fig kidneyH, on thp other hand, rontabi an L-cchydroxy acid oxi> 
dase, a flavoprotein, which possibly in identical with an oNunino acid 
oxidase (22,62,140,242). This enzyme acts only on a-hydroxy acids, 
but not free fatty acids and thus is not involved in the catabolism of 
fatty acids. The reaction products are o-keto acids. Any further 
oxidation which would lead to fatty acids possessing an odd number 
of carbon atoms has not been reported, except for the low-carbon 
o-keto fatty acids (112,113). Except for phenyllactic acid, only ct- 
hydroxy acids lietween Ci and ('*6 were investigated as substrates. 
The enzyme is not identical with lactic acid dehydrogenase. 

The reverse reaction also takes place, i,e., the reduction of a- and 
0-keto groups. Neubaucr (215) reports that when phenylglyoxylic 
acid was fed it was reduced to 2-inandclic arid and excreted in this 
form. Phenylpyruvic acid is reduced (eq. 10) to phenyllactic acid 
(278). 
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Generally speaking, a- and ^-keto acids ore readily reduced to hy- 
droxy acids in liver, muscle, and kidney, but not so in lung, spleen, 
and placenta (46) ; the some applies to oxalacetic acid, oc-ketoglu- 
taric arid, and oxahM’itraraalic arid (eq. 50, page 395), in addition to 
pyruvic acid. When ingested, /3-keto-j8-furanpiopionic acid is re- 
duced to the corresponding /J-hydroxy-/J-furanpropionic acid and is 
excreted in this form in the urine (243). 

Acetoacetic acid can be reversibly reduced to /9-hydroxybutanoic 
acid by liver and muscle tissues, as was first reported by Neubauer 
(216). 

Few reductions aie known which go so far as to reduce hydroxyl 
and keto groups to CHs groups. Chatndvum ocetobutyh'cum reduces, 
acetoacetic acid to butyl alcohol (317). It is possible that such reduc- 
tions are involved in the biosynthesis of fatty acids. Chibnall and 
Piper (60) explain the occurrence in plant waxes of paraffins which 
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have an odd number of earhou atoms in the chain liy the reduction of 
odd-numbered methyl ketones, which in turn are due in /9 oxidation 
and decarboxylation of fatty atdds with nn even number of carbon 
atoms. 

When Knoop fed phenylated a-bydroxy acids and a-ainino acids, 
the reaction (llbj took place. 
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Since the last 3 Bubhlancesin equation (lib) may be readily trans- 
formed to phenylalanine, an amino aeid which oecurs in all proteins, 
and thus may possibly be directly incorporated into protein molecule 
in the body, the results of these feeding experiments are not wholly 
clear. Thus Felix and Zorn (96) were able to show that the benzene 
ring of tyrosine, a phenylated amino acid, con be oxidized in the liver, 
after first being split. 

According to Bernhard (13), cyclohexyl fatty acids with an odd 
number of carbon atoms in the fatty acid side chain are oxidized (eq. 
12) to benzoic acid, the ring being dehydrogenated and the side cfamn 
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undergoing p oxidation. Cyclohexyl fatty acids with an even num- 
ber of carbon atoms are eompletdy oxidized, like tytosine. It is 
worth while pointing nut the similarity of these acids to chaulmoogra 
acid. 
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The higher methyl ketones, like methyl lieptyl ketone, methyl 
iionyl ketone, etc. (equation 4, page .150), which occur in nature in 
many plants as aromatic Bu1)stuncGS, are proof of the existence of 
P oxidation. They originated as a result of tlic decarboxylaiiun of 
high jS-keto fatty acids and have generally an mieven number of 
carbon atoms, as they come from fatty acids with an even number of 
carbon atoms. Another substance in this group is ( — ) j9-hydroxyUcc- 
anoic acid (formula 13) which Bergstrom, Theorell, and Davide 
(11 ) recently isolated from Pmidnmonns pyncynma. 
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On the basi/t of these expentnenls it can then fort he taken as proved 
(hat enzyme bystenis exist in both plant and animal eeUs which are ca- 
pable of nonspecifically oxidizing the p-C'Ih group of fatty acids into a p- 
CHOH group, a ^-C=0 group, or a COOH group, p Oxidation takas 
place primarily in muscle tissue, kidneys, and liver. Nothing is knoivn 
about the aetual chemical mechanism; so fur, none of the enzymes in- 
volved has been isolated, nor have their reactwitm been dtUrmined, 
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111. Alternating Oxidation 

Hie tbeoiy of simple j9 oxidation of fatty acids did not prove ade- 
quate to explain the great capacity of the liver to form ketone bodies, 
especially acetoacetic acid, from fatty acids. 

In 1916, Hurtley (136) had already postulated that, in addition to 
oxidation of the |3 carbon of the fatty acid chain, in animal catabolism 
oxidation also occurs at every other second C atom following /3 
carbon. This h}rpothesis of altcmatmg oxidation was again forgot- 
ten, since no further experimental evidence was forthcoming and 
only in 1935 received new experimental proof in the hands of Jowett 
and Quastel (138,139). They found that n-octanoic acid (.caprylie 
acid) yielded more than one mole of acctoacctic acid when acted upon 
by liver, although it should have yielded at most one mole, according 
to the classical theory. They therefore postulated that the fatty 
acid chain yields as many moles of acetoacetic acid after undergoing 
alternating fi oxidation as its carbon number can be divided by four. 
Butts, Cutler, Hallman, and Deuel (54) suggested in the same year 
that 8 as well as P oxidation lakes place. Blixenkrone-M0ller (24) 
and Lehninger (180) confirmed the experimental findings of Jowett 
and Quastel. See reaction (14). 


H U H H H H U 
HO— C— 0 — C— O— G-C-C()()ll 
H H H H H H H 


Alternaiiiig 


fi oxidation 


n-Oftanoic* acirl 
(1 mole) 


t c 4 y a 

H H H H 

HC-—C — c — c — c — c — c — C( )on 

H ^ H 

fi a $ 



/ 3 , 5 ,f-Trikc 1 m)r 1 flnf»ir acid ( 14 ) 
(1 mole) 


Splitting I I 

$ tt ^ a 

H H. H H 

HC — C — C — COOIl + IlC — C — C— coon /fi-Ketohutyric and, 

H Jl H II jl H acetoucclic acid 

0 O (2 moles) 

Weinhousc, Mecips, and Floyd (204,30(5,307) repeated these experi- 
ments, using an ontanoic acid the carboxyl groups of which contained 
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the heavy carbon isotope (see eq. 15) ; they found that the aceto- 
acetic acid which tliey isOlatod contained the isotope not only in the 
carboxyl Rroup, but also m the jS-carbonyl group. The carboxyl 
group was found to contain slightly more C‘* than the carbonyl 
group. This then proved that, in the event of alt emating 0 oxidation 
in the liver, acctoaceiic acid is not formed directly for the most part, 
nor are four-carbon residues formed, as had been assumed by Jowett 


11 

HCH 


niii 
h(!;h 
iid’H 
tid'H 

nin 

n^Octanoic acid 
(1 mole) 


Alternatinft 
0 oxidation 


3 luiilea 


/ HCII \ 

\ (’0011/ 

( ^ I 

I iu«lc I I 1 

L \ c**()oii/J 

AocUr acid or 2-C radical 
(4 molpN) 


H 

HCH 


BecDn- 

► 

dmaation 


I 

HCH 

Aoetoacetio acid 
(2 molfiB) 


and Quasi cl, but rather that first au oxidative splitting into two-carbon 
fragments takes place, and subscciuently recoudensation to acetoace- 
(ic acid occurs, it has been proved repeatedly that acetoacetic acid 
can be formed from acetic acid or two-carbon fragment radicals (see 
Sections X and XI). 

It is impossible to tost the second part of the theory by incubating 
liver sections with |3,8,f-tril£ctooctanoic acid, since this readily de- 
composable acid is not yet available synthetically. The correspond- 
ing /3,5-dikotohexanoic acid (triacetic acid), on the other hand, is well 
known, llreusch and Ulusf)y (49) were able to show that this acid 
is rapidly and c|uantitativoly meiul)olized to acetoacetic acid by mac- 
erated liver tissue (30(HiOO mg./lOO g. cat liver/hour « 300 g. for 
an adult man per day). Kidney, niusele, and brain tissue have prac- 
tically no effect on the acid. Hence it is only tho liver and no other 
tissue which readily decomposes triacctie acid to three two-carbon 
fragments in such a way that both keto groups are transformed to 
carboxyl groups, after the chain has split (reaction 16). Thus there 
are two possibilities: either three moles of acetic acid or three two- 
carbon radicats are formed, with subsequent recoudensation to aceto- 
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II 

UCH 



0,&-Dik4’toh(>xBnoir arid Acetic acid or 2-C radical 


acetir arid, nr oiir iiutir of acrtuucctir ar,id ih foniird ilirri'tly, whilo 
one mole of acetic acid is formed, which then is reeondeiised to nceto- 
aeetic acid. I’lie latter possibility is less probable, however. 

One theiefure con conchuh* that the catabolism of fatty acids in the 
liver differs basically from that in either the muscles or the kidneys, 
similar to what Ilrcusrh found in the rase of citric acid formation 
(38,39; see Section .K). 

Thus, alhr anting jS oxidation of the fatty acid chain is probably the 
primary degradation mechanism in the Uver. This is not the case in 
fatty and ratahofism in muscle and kidney tissue. 


IV. u,/!i Dehydroftenation 

'Hie snFtRestion has frequently been advanced thal a,j9 dehydro- 
genation aeconqianies or precedes the oxidation of fatty acids (e.g., 
229,230), this is suiipnsed to be analogous to the biochemical a,P 
dchydro{;enalioii of succinic acid to fumaric acid (reactions \1\. 
Th(> anolof^y is questionable since triciu'ballylir acid, a tricarboxylic 
acid homolo|;ous to succinic acid, is not dehydroaenated by muscle 


tU -((’lU-CUi Cll. roOH — 
FhU> and 

IJfKK’ -I’H, c'lJj (’oon 

Succinic and 

coon 

HOOC -cib-c!ii -CII,-COt)lI 
Tncaibdllylir arid 


ClI,— lCH,)j -CH=-CH-C0011 
a,^UiisaturatQd fatty add 


-♦ II(X)C -CH^CH- C’fKin (J7) 
Fumaric arid 

COOH 

jiooc- cn,— i=CH -COOH 
Acunitic acid 
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148BU« to the coireapoucliiiK uneuturated aeid, namdy, acoiiitic acid 
(37). QuBatel (231) was able to show slight dehydrogenation of tri- 
carballylic acid in Thunberg experiments on JSechetiehia coli. 

So far no enzyme system has been discovered which specifically 
dehydrogenates the a,P position in fatty adds. This may be due to 
difficulties of analytical methods, since steric interference in oidinaiy 
a,/9-unsaturated fatly adds causes tho ordinary methods of proof for 
the presence of fatty acid double bonds, such as halogen edition, to 
fail. This was first shown by Foiizio and Gastaldi (227) and then 
confirmed liy Tulus (295). Zetzhoho and associates (319) have pre* 
sented a method whereby a,|9-un8aturated fatty acids can be charac- 
terized by their precipitating as yellow (ii-(p-dimethylaminnphenyl)- 
ureides (eq|. 18), while saturated fatly iieids give colorless iireides. 
Hreusrh and Ulusoy (48) worked out the method ui dcdail and intro- 
duced it to the chemistry of fats. It i)ermit8 precipitating oven oily 
fatty acids as erystalliiu* mx'iilos directly from an ether solution. 
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t’H, ((’Hi), I’ OH 


a,^Uaaaluraled fatty and 


A'lU 




(;iii 

Oi-(p-(liniethvlatiiinnplienyI)- 1 18) 
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('ll, (ClUr CH CH (' N 




/(.•Ui 

'^CH, 

yCH, 


Civ»talliiii‘, \'<‘lli)tt uii'ulc 


A paper of Carter, Osman, lA'vme, and (iaiuiii (.)5) can be cited as 
evidence of the capacity of the ununal to ellect a,0 dehydrogenation. 
The authore found (eq. 19) that /J-mcthylated phenyl fatty acids are 
not oxidized but are excreted in part in the form of o,j9-unsaturated 


ClI, 



oiii-in -nii-c'(H)H 


u fi dphydroKf nation 

Cll, 

CHi-(!!-=CH -C’CHIH 


(19) 
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acids. This re[Hirt is only a preliminaiy one, cuutaininK no isolation 
data, at least ho far as the literature is available to this author. 

Mazza (202) succeeded in directly isolating phenylcrotonic acid m 
an experiment in which he incubated phonylbutanoic acid with liver 
extracts (reaction 20). 

cri, -CH, -CHj-rooH » 

roon ( 20 ) 

Kuhn and Livada (167) also observed a,j9 dehydrogenation. Th^ 
were able to isolate 3‘'(i 0-methylcinnamic acid, in addition to 5091 
original acid, after having fed dogs ^methyl-^-phciiylpropanoic 
acid (eq. 21). It is not yet certain whether the a,p protons were 


J (Ml 


rn, 


(’0011 


d<>hv<lroKonatiDU 


Kxrn tori in unne 

cii, 

-COOH 




/S>Mf4hyU/}-ph(‘iiylpn)i>anoiL> uuid 


( 21 ) 

S-Melliylciniuinuc arid 


oxidized directly, or whether the acid brst underwent a, ft oxidutiou 
to the j3-hydroxy acid and the a,0 double bond originated by subse- 
quent splitting off of a water molecule in the body or ]>erliups even 
in the preparation of the mine extracts in the laboratory. A paper of 
Snapper and (iriinbaiun (2.)!)) supports the thesiH that the water is 
split off in the body (eq. 22i. They found that when tliey diffuse 
kidneys with |9-phenyl-j9-hydroxyi)ropanoic acid, water was split off 
and cinnamic acid wa.s formed. 



S-Hydroxy-|9-phcuylpropanoic 
arid . 


Wator split off 

► 

pnsymirally 


y CII-^H-C(K>Il 

Cimiaiiur ( 22 ) 
arid 


A similar enzymic dehydration has not as yet l)een observed m 
nonphenylated hydroxy fatty acids, but tliis has not boen investi- 
gated. One may also consider the dehydrogenation of o-amino acids, 
although proceeding by means of other enzymra, as an a,ff dehydro- 
genation (reaction 23). 
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H R 

NHi-iH-cooH hnJj-cooh 

fi a 

oe^ Amino arid ^Iznino acid 

J^iSSU o-Lcooh. 

ar-Keto arid 

The reverse reaction, Le., the addition of water to a.fi double bonds 
with the formation of /9-hydroxy fatty acids, is improbable, accord- 
inR to Lipmann and Perlman (188), since a,i9-unsaturated crotonic 
acid is not converted to /9-hydroxybutanoir acid in tissue incubation 
experiments and is not in equilibrium with it. If there is no enzyme 
system for the lowrat homoloRous memljers of a series, it is improb- 
able that there is one for the hi/ 2 ;lier homolo/u). This does not definitely 


solve the question, since Lipmaim and Ferhuon studied only one 
crotonic acid, and not both cis- and trans-crotonic acid, though all 
enzyme systems concerned in these reactions liave l>een found so far 
to exliibit very definite as-lram specificity. Thus, the enzyme fu- 
marase can only transform the trans acid, i.e., fumaric acid, to Ir 
malic acid, while it will not act on the cis acid, i.e., maleic acid (eq. 
24). Aconitose, on the other hand, acts only on rts-aconitic acid, 
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which is stable for short periods only, transforming it by the aildition 
of water mostly into an equilibrium mixture of citric acid and isucitrio 
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acid, while it will not act on the more common fnzna-aconitic acid, 
which ifl stable in solution. 

In the liver, ordinary ciotunic acid is oxidized directly to /9-keto- 
butanoic acid, i.e , acetoacetic acid, without the intermediate forma- 
tion of /S-hydroxybutanoic acid. Acenrdini; to Lipmann and Perlman, 
the reveHse reaction, t.e., the reiluclinn of crotonic acid to butanoic 
acid, probably takes place in the kidneys. 

Experiments of Morehouse (210) also tend to support the assump- 
tion of a,j9 desaturation. Moiehouse fed butanoic acids containing 
deuterium in a and /J positions. When he analyzed the ^-hydroxy- 
butanoic acid isolated from the mine he found it to contain only 4*)^ 
of the deuterium. On the other hand, when he fed Imtanoic acids 
containing deuterium in /S and y positions, muler similar conditions, 
he obtained a /?-hydroxyhutanoie acid, which contained five times 
more deuterium than before. It is possible, however, tliat when bu- 
tanoic acid is oxidized /3-ketobutanoic acid is formed directly. The 
enol form of this compound may readily exchange its deuterium in the 
a position with protons of ordinary water, jS-hydroxybutanoic acid 
being formed by reduction only as a second siep (sre reaction 25) 
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For this reason these expciiments aie not a definite proof of the oc- 
curence of a,/3 dehydrogenation. They do prove, however, that the y 
position is attacked much less readily, if at all, than the a and /3 posi- 
tions, as would be expected on the basis of the theory of /S oxidation 
Quantitative biochemical mqieriinents with deuterium have to be 
evaluated with great care, since Erlenmeyer, Schfinauer, and tiflll- 
mann (00) have shown that succinic dehydrogenase acts 409 i more 
rapidly on ordinary succinic acid than on succinic acid-di. It prob- 
ably does matter, therefore, as fai as the spatial and ionoelectiic 
adaptability of the substrate to the enzyme is concerned, whether an 
ordinary hydrogen at om or one that is twice as heavy is located at the 
point of reaction. Similarly Gtmther and Bonhoeffer (116) have 
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ahown that ordinary hydrogen is utilised at three times the rate of 
deuterium in the synthesis of fats by yeast. 

More important than ei,fi dehydrogenation and probaVjly of signifi- 
cance in the synthesis of fatty acids in the l>ody is the hydrogoiatian 
of the double bond in an a,0 position mth regard to the carboxyl 
t'H, 

(’H, ('ll -(’II coo* ¥ 

J ( 20 ) 

f’H. cih 

(’», N' CIL CH.-(3H, -COO* 


(’lli 


group, as of crotoiiolH'taine (e(]. 2t>). This was first observed by 
Linneweh (186). Kuhn, Koeliler, and Koehler (Jfw) were able to ob- 
serve the same a,0 hydrogenation when geranic arid passed through 
the body (eq. 27). 
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Fischer and co-workers (for synopsis see 99) had already observed 
previously with yeast that even in aldehydes and alcohols double 
bonds can lie saturated when they are in a,fi position, hut not when 
they are farther away. Fischer and RicUg (100) have done the most 
important work, basically, on a,fi hydroReuation in the animal. 
When they fed cinnaiuic alcohol to dogs, tliey found the results of re- 
action (28). When an ethyl group was substituted in the a position, 
only the hydroxyl {froup was oxidized to a carboxyl group (eq. 29). 
Ketf) groups exhibit the same behavior in this respect as carboxyl 
C,H, Pill, 

-Oil- -i' -POOH (2!») 

Kthylrinnaiair alcuhul a-Eibylciiiuainir arid 

groups (reactions 30). Enzymes will hydrogenate only those double 
bonds in unsaturuted keto compounds which are in a,fi position with 
respect to the keto group. They will not act on other double bonds. 
At the sanje time the keto group can be independently reduced to a 
hydroxyl group. Water can also be added to the o,/3 position in such 
a way that a jS-hydroxyl group can be formed, ns was the case in cq\ia- 
tion (29). 
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In addition to these various enzymic reactions, Fischer and Biclig 
also observed some nxidatirm at the, jtara position of the lienzene ring. 



BIOCHSMIBTBT OF FATTY ACID CATABOLISM 


367 


All reactioD products excreted iu the urine were isolated and identi- 
fied by means of satisfactory methods. Beside tenninal oxidation of 
the hydroxyl group to a carboxyl group and mluction of the keto 
group to a hydroxyl group, these experiments also proved that the 
double bonds in a,p position with respect to the carbonyl and car- 
boxyl groups ore saturated, but that mere proximity to the benzene 
ring does not lead to saturation of the double bond, as is shown by 
equation (30). Also, water can add to the double bund in a,p posi- 
tion with respect to the carbonyl or carboxyl gronp, with the result 
that the hydroxyl group is in /9 position. This addition can also be 
conceived of as taking place in two steps: first, saturation of the 
a,|8 double bond and then oxidation at the carbon with the forma- 
tion of the jB-hydroxyl group. For this reason one cannot say that 
direct addition of the water molecule to the a,p double bond has been 
completely proved. Such proof can only be furuished if a,|3-uu- 
saturated fatty acids are subjected to short-term incubation experi- 
ments uniler completely anaerobic conditions, and if d-hydruxy fatty 
acids are isulaterl subsequently, at the same time excluding any fi oxi- 
dation (even by way of keto acids formed as intermediates). 

a,i8-Unsaturated fatty acids, such as tt,j8-decenoir acid, are oxi- 
dized to higher methyl ketones by PemciUmii gluucion, according 
to Thaler and Eiscrilohi 1282); probably, they uie first oxidized to 
fonn higher j9-helu acids (see eriuation 4, page 350). 

IJnsaturated a-ketopolyenic fatly acids are first decarboxylated by 
yeast (reaction 31), and the unhaturated aldehydes formed are then 
reduced to the corresponding alcohols saturated in the position. 
Double bonds which are fiirther aivay from the oxygen atom are not 
attacked (101). 

or 
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Occasionally the a,P hydrogenation is accompanied by reduction 
of the carboxyl group, particularly of aldehyde groups. Neuberg 
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and Nuid (218) report tliat yeast is capable of reducmg hexyl aide* 
hyde to hexyl alcohol; even thioacetaldehyde is reduced to niercap^ 
tan. FeulRen and Bersin (97,98) were able to isolate lipide alde- 
hydes from tisBues. It is quite possible that they are reduced to 
alcohols; in fact, even fatty acids may be so reduced. Thxis, Stetten 
and Rchonheimer (26G) were able to isolate the corresponding; alcohol 
after Imving fed palmitic acid-d. According to Wood, Brown, and 
Werkmon (317), Cloidtidivm acetolmtyhcum reduces acetic acid, con- 
taining C’* in the carboxyl group, to butyl alcohol by way of aceto- 
acetic acid, the butyl alcohol containing C" in the 1,3 position. 

SchSnlieimcr and Hilgetog (245) report that cetyl alcohol (('u) is 
contained in meconium, the sterile fecal matter of the newborn, and 
therefon* cannot bo of bacterial origin; the adult animal, too, regu- 
larly excretes this alcohol in small quantiticB through the wall of the 
intestine. It may be that higher fatty alcohols 01 * 0 1h(‘ intermediate 
stages of fat synthesis in the animal organism (302). The only dem- 
onstration so far of the splitting of a nonphysiological double bond 
by on animal enzyme system has Imh'R presented by Verkadc and 
van der Inc (299). They found that, when 10,11-undeceuoic ai'id 
was fed (eii. 32), it wH'i lecovered in the urine partially as sebacic 
acid. 


t’otm » iiocw (riu (’(H)h (.12) 

J0,]I-Und(‘cunnir ucid (fn) S(*))ac ip srid (t'nj 


a,^Hexenoic acid (G(i) and traumatic acid (S8,89) are the only 
u,jS-unsaturati‘d fatty acidN fomid to occur in nature (formulas 33) 
ill addition to crotonic acid, ungelic acid, aconitic acid, and cinnamic 
acid, wltich can lie included in this groiqiing with rchervations only. 
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The isolation of a,|3-unBaturated hexene aldehydes (U6) and of a,|8- 
unsaturated hexene alcohols (240) from plant leaves has been re- 
ported in the literature (formulas 34). 
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a,/)-UiiBa1unted heune aldohyde 

OUr--CH^CHr-CH=-CH-CH,OH 
«,S-TTnsaturated hexrae alrohul 

According tn Nye and Rpoehr (221) the a,i8-’hexene aldehyde iso- 
lated from plant leaves is an artifact resulting during isolation from 
the oxidative destruction of the linoleic acid of the plant. The reason 
for this supposition is that the yield can l)e appreciably increased if 
linoleic acid is added while the minced plant tissue is imdergoing 
steam distillation. 

The data jvut presented permit vs to conclude that Oiere also exists an 
entffme system which, though perhaps less important and quite unrelated 
to the enzyme system that brings about oxidation of fatty acids, cata- 
lyzes a,p dehydrogenation oi- hydrogenation of fatty acids. The occur- 
rence of a,fi hydrogenaliim has been proved beyond doubt; this proof is 
still outstanding for a,fi dehydrogenation, 

V. 9,10 Dehydrogenation 

The existence of an enzyme system whieh dehydrogenates liigher 
saturated fatty acids has been reported for a numlier of animal tis- 
sues. f.g., small intestine ((ir)U,li.')b), bile, pancreas (281'). atlipose 
tissue (229,247), kidneys (201), and liver (0). Annau, Eperjessy, 
and Eelszeghy (0) report that only lecithin palmitic arid, and stearic 
acid can be dehydrogenated, but that this is not the case for oldc 
acid. Xanthine is said to be the activator of this system. T^ang 
and Mayor (172,173) conducted Thimlwrg experiments and found 
that saturated fatty acids wit h chain length of undccanoic acid (C a) or 
more acted as hydrogen •Innoi’s By isolating the products they were 
able to determine that dchj'drogcuation takes place only l)clwpcn the 
ninth and tenth carbon atoms, counting from the carboxyl group. 
According to Karn‘r and K<K'ing, iiu>u‘ highly branclicd fatty acids are 
also dehydrogenated by liver cMruets ( I42j. 

The reverse reaction, i.c., saturation of the 9,10 douWe bond, also 
takes place in the l)ody. llih litch and Pedelty ( 126) have shown t hat 
oleoglyc^des are eonveited to stearoglycerides by enzymic hydro- 
genation, while Zeller and Maschek (318) were able to isolate an 
enzyme from pumpkin secdlmgs wdiich saturates uiisaturated fatty 
acids. 
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Little is known as yet about the mechanism of 9,10 dehydrogena- 
tion, primarily because of the low stability of the ensyme prepara- 
tions involved. 

Almost all known uiisaturated fatly acids occurring in nature have 
their first double bond l)e1wecn the ninth and tenth carbon atoms 
(formulas 35). This is true of oleic acid, palinitolcic acid (Cn), and 
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of multiplc-uiisutuiiited fatty acids, such as liiioleiu and linulenic 
acids. To this group belongs aleuiitic acirl, occurring in shellac 
(214,234,291) and 9,10-dihydro\ystearic acid (147), which occurs in 
castor oil. Apparently both of these products represent biological 
oxidation products of a 9,10-unsaturated fatty acid. According to 
Appel, Bohm, Keil, and Schiller (7), even the unsalurated fatty acids 
fill*, CiT found in fat depots after ingestion of saturated fatty 
acids with an odd numlier of carbon atoms contain all their first 
double bonds in the 9.10 position. It is not clear whether the hemo- 
lytic, fatty acid-like material (CaHigOt), which Laser and Fricdinanii 
(176a) isolated from serum in erystalline foini should also b<‘ included 
in this group. 

The ability of the animal organism to dchydrogimate fatty acids 
seems exclusively limited to the 9,10 position (in addition, pcrhajis, 
to a,d dehydrogenation), lliis is proved by the ability of the animal 
organism to produce oleic acid from stcaiic acid, while it is unable to 
produce linuleic and linoleuic acids (18). Bernhard, Steinhauser, and 
Bullet (19) were able to prove this by feeding deuterium oxide to 
animals: all fatty acids of the body contained deuterium, while the 
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linoleic and linolenic acids isolated did not. Unoleic acid wirItbs up 
60% of all fatty acids of the cholesterol esters found in the blood. 
Kelsey and Longeneckcr (146) isolated these, after Huerthle (133) 
had already observed in 1S96 tliat the cholesterol esters in blood con> 
tabled highly unsaturated fatty acids. Both Ibioldc and Ibiolenic 
acids possess vitamin-like characteristics. Their biochemical role 
in the body is still unknown. They have to t)e supiilied the animal 
body from the plant world, as only plants are capable of synthesizing 
them (53). For the subject of essential fatty acids, see Bernhard 
(15b). 

In the case of naturally occurring simple unsaturated fatty acids 
of medium duun length, the hrst double bond h also found in the 9,10 
position. Smodley (253) was the first to determine the presence of 
9, lO-deoenoic acid (formulas 35) in butter fat, and Bosworth and 
Brown (33) isolated the acid. Hilditch and Longenecker then showed 
in 1938 that butter fat also contains 0.9''^< 9,10-dodeccuoic arid, 1.7% 
9,10-tetradec‘enui(' acid, ' 6 . 1 % 9,10-he\aderenoir acid, and palmitolcie 
acid, in addition to 0.4% 9,10-deecnoic acid (12.5). 

An exception to the 9,10 rule in the animal body is arachidonic 
acid, containing four double bonds, A***’***>”'’*'^*>“-eieositetracnoic 
arid. A few other rare acids of bimilar structinv also are an excep- 
tion to thiii rule. »Seetion YIII containb a discussion concerning then 
possible ori^n. According to Tuipeinen (29(i) and Hume, Nunn, 
Smedley-Marlean, and Smith (134), arachidonic acid, like linoleic 
and linolenic acidb, possesses vitamin F-like characteristics. If, 
however, the carlmn chain of linolenic acid is lengthened syntheti- 
cally by means of the Arndt-Eisteit method of adding one or two 
('*H 2 groups behind the carboxyl group, the acid will no longer act as 
a vitamin, according to Karrcr and Koenig (see 143). The vitamin 
function, in other words, is dependent on the first double l)ODd in the 
!),10 position. 

Unsaturated acids which have their double bund in a different posi- 
tion occur in plant oils. Neverthelet*, the great majority of im- 
saturated acids occurring in plant oils also have their first double 
bond in the 9,10 position (208). 

In view of the known facts it is unlikely that reversible dehydro- 
genation at the 9,10 position of the chain represents one of the mech- 
anisms in the enzymic degi’adation of fatty acids. If further oxida- 
tion were to take place at the double bonil, with resultant splitting 
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of the chain, we would expect that the body eplitfi oldc acid to the 
difficultly oxidiBable azelaic acid (CVdicarboxylic acid) and to nonoie 
acid. Verkade and van der l^et' (209) attempted to prove this cata^ 
bolic nieehanisni by feeding triolein, but were unable to isolate azelaic 
acid, from the urine; similarly, the formation of nonoie acid, which 
in turn would alsr) fuim azelaic acid after u oxidation, has never been 
observed. 

It seenus luurli muri' n'usonnble to aHStime tliat tlio body dehydriv 
senates saturated fatty acids, since they have a high melting point, 
at the 9,10 position, in order to obtain nioie liquid imsatiirated fatty 
acids which have a low melting point and therefore oiler a way for the 
body to keep its fat at the seinisolid consistency wliich moving tissues 
require. This jjoint of view is supported by work done by llenriques 
and Hansen (123), who investigated the inciting point aurl, as a meas- 
ure of imsaturatioD, the iodine number of the fat layers of hogs. 
These values were determined as a fimction of the distance from the 
skin, that is, in layers which differ from one another in their tempera- 
ture, because of the contrast bot\^eeu the cold outer air and the warm 
interioi of the body. Their rf*hulth arc shown in (36). 


Fat lo \ pr 

Iiidiiip iiiiinbpr 

.M piling poiiil 
vi fit, 

Most exterior 

72 

22 

Herond I 

70 

24 

Third 

05 

25 

FourLli 

04 

25 

Internal depot fat 

.Vi 

29 


(3«) 


hlxperimeuts by Andri' (3) have hliown, however, that desatura- 
tion is not the only means available to the animal organism for adapt- 
ing the melting point of its fats to the pn^vuiling temperature condi- 
tions. He found that the outer layer of the heavy fat layer of marine 
animals does not have a higher iodine number, as was the case with 
hogs, hut that it, on the other hand, contains a larger number of low- 
melting glycerides of lower fatty ucifls, such us glyceniltripentanoie 
acid ester. 

Wi can conclude that the enzyme syetetn involved vi the dehydrogena- 
tion of fatly arida at Uie 9,10 position probably has nothing to do wtih 
the catabolism of fatty acids; rather it probably plays a role in the mecha- 
nism available to the cell for Uie control of the physical consistency of 
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tJu body fate. DehydrogenaUon may also haw the function of rendering 
eaturated fatty acida more readily diffusible, as their sodium aaUa diffitae 
vfiffi difficulty and thus are not readily reaorbed. Sodium oleute is more 
readily diffuaible and soluble than sodium stearate. 

VI. Lipoxldases 

Although it con be cunaidured certain that there is no degradation 
of fatty acids which proceeds iiy way of splitting the double bond of a 
fatty acid, as was assumed by Leathes, there nevertheless do exist 
specific enzymes, the so-called lipoxiduses, which attack fatty acids 
with several double bonds (4) . These enzymes ai'e found primarily 
in plant seeds, particularly in legumes (272), in potato tul)erB (273), 
and to some extent in animal tissues (33,177). This last finding has 
1)een questioned, since Kuhn and Meyer (168) observed that ordinary 
iron porphyrins catalyze the oxidation of multiply unsaturated fatty 
acids without an enzyme system. Haurowitz, Schwerin, and Yenson 
(122) observed that pure crystallized hemoglobin, which is jirasent 
in all animal tissues in large quantities, acts as a good catalyst in the 
direct oxidation of doubly misalnrated fatly acids l)y oxygen; this 
is even true of heiriin, which contains no prolron. In this reaction, 
the i)orphyrin rbig itself uudergews peroxidative destruction. Lino- 
leic acid cholesterol esters, wliich occur in the blood and are vital 
vitamin-like substances, apparently are protected against oxidation 
by blood hemoglobin. Cosby and Sumner (05) were able to jsolate 
lipoxidose in sixtyfold concentration. Theorell, Ifolman, and Akesoii 
(283b) wen* able to obtain crystallized lipoxidase by concentrating 
soybean meal ISO-fold They recovere<i a pure protein, containing 
no metal components. 

The Bul)htratos of Iqioxidases are higher unhiituruted fatty acids, 
like linoleic and liuolonic acids, or earotcmoiik Saturated fatty 
acids and oleii* and ricinoleic acids, whicli have iui unsaturated double 
bond in the y,10 position, are hardly attacked at all (273). 

According to Meyerhof (207) and Hopkins (130), thiol compounds, 
such os glutathione, greatly accelerate these oxidations, but only 
when the pH is acid. If carotene is added to a lipoxidase-linoleic 
acid mixture, it is secondarily destroyed as a result of the action of 
the peroxidative reaclion products (27li). In this process, linoleic 
acid adds 1 mole of Oi to one of its bonds (275), perhaps the 9,10 
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double bond. It is interesting to observe that linoleic and Unolenic 
acids which have conjugated double bonds cannot serve as the sub- 
strate for lipoxidasc, but that normal linoleic acid is required, in 
which the double bonds are separated by a CHi group (129; equa- 
tion 35). According to Holman and Burr (129) and Siillinau (274), 
the reaction products resulting from the action of lipoxidase on highly 
unsaturated fatty acids are ketones and polymer-like products; 
this has been proved by the fact that uonidentifiable phcnylhydra- 
zones and semirarbazides have been isolated. It may be that olcuri- 
tic acid which oeeurs in shellac (eq. 35) is a result of siiuilar reactions. 
The mechanism of lipoxidase action is discussed in a separate article 
in this volume by Bcrgstrbm and Holman. 

Since fatty acids liko linoleic arid, on which these oxidases act, 
have a vitamin-like character, i.c., cannot be synthesized by llic ani- 
mal body, it can be concluded that the lipoxidoses piny no role in 
the fatty acid catabolism of animal cells; these acids therefore can- 
not represent an intermediary step in the catabolism of the fatty acids. 

We therefore can my that the lipoxidam which occur primarily in 
plants phy no role in the mechanism of the chemical deyradution of 
biochemical catabolism of fatty acids by the animal wyanism. 

VII. (I) Oxidation of Fatty Acids of Medium Chain Length 

The earliest known publication on a oxidation is that by Hilde- 
brand! (124), who administered geraniol and geranic acid and then 
isolated two similar dicarboxylic acids in the urine (sec equation 27, 
page 365). He concluded erroneouhly that the jS-inethyl group had 
been oxidized to a carboxyl group. Only Kuhn and Livada (167) 
determined that it really is the tenuinul methyl group which is oxi- 
dized to a carboxyl group in this reaction. According to Kuhn, 
Koehler, and Koehler (165), the Hildebrandt acids differ from one 
another in that tlie double bond of one is saturated. If tlic con- 
stitution of the acid found in 1901 had been properly interpreted at 
that time, a oxidation would have been discovered thirty years earlier. 

The formation of the corresponding u alcohol scorns to be the inter- 
mediary step of u-methyl oxidation. Fischer and Bielig (100), 
after feeding citronellol isolated both the partially racemizod HUde- 
brandt acid 2 and the corresponding alcoholic acid (see cq. 37). 

In 1932 Verkade and van der Jjee (297) discovered that the triglyc- 
erides of saturated fatty acids of medium chain lengtli, i.e., those 
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CH,0»<!HCn,CH,CHCn,rfl,OH 

Ch, 

Citronollol 


. HOCHjC runi^HjCHCHiCOOH 

(*'11. <!jh, 

w-Hydroxy arid (37) 

. llU(KX''=-C’HCH<CH2CnCH,COOH 

i’ll, (*)H, 

Hildphraiidl arid 2 


haviiiK between eiglit and eleven earbon atoms, were partially ex- 
creted in the urine as the corresponding fatty diearboxylic acids 
(eq. 38). They called this process u oxidation. 

Ted lAcrptod in unn^ 

CHj(CHj).COOH „ , HOOC(CIIi)dX)OH 

Gapnc acid (Cio) Sebacic arid (Cw) 

]iooc(cnOiCooH > iiooc(CH04Coon 

Subonr acid (Ca) Glutaric acid (Ca) 

In feeding experiinentb eondueted on themselves, Verkade and van 
dor Tjee (298) found (he following- 


laffesli-d 


I Ti rrted 


100 K tnnoiiylin 
25 g tiicaprin 
25 g tnundrcilin 
25 R. Lnlaunn 


0 6 g axelur and fC.) 

0 55 g Bpbanc acid (Gij) 

1 0 g undpcanedinir acid (Cu) 
Foiv mg. doderanedioic acid (Gia) 


Flascheutrager had already observed in 1920 ( 102 ) that when se- 
bocic acid, HOOC -(CH*)*— COOH, was ingested, part of it was ex- 
creted unchanged in the urine, while part of it was excreted in the 
form of suberic arid, Hl)t)C’ --(('Us)*— COOH, i.c,, sebacic acid had 
lost t wo carbons by /3 oxidation. When asel air acid was fed, TI OOC — 
((’Tlt)r-(^OOH, 00' I of it was excreted unrhangt'd (251-). Experi- 
ments by Verkade and van der Lee (298), Verkade, van der Lee, and 
Alphen (300), imd Ilemhard and Andreae ( 10 ) have shown with 
fairly good agreement that, when 10 g. adipic acid is fed, 18% is ex- 
creted unchanged, when 10 g. suberic acid is fed, 60 to 80*^1 is ex- 
creted in the uriue unchanged, and, when sebacic acid is fed, about 
20% is excreted unchanged. Verkade and van der (299) used 
these findings to demonstrate that there probably is no relation be- 
tween the 9,10 dehydrogenation of fatty aciils and fatty acid catub- 
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olisiu, miuce uu truce of the expeeU'd azelaic acid was found in the 
urine after triolein hud lieen fed in larite quantities. 

Futty dicarbuxylic acids behave quite differently if one of the car- 
boxyl groups is 1)loeked. Thus Flasckentr&ger (102) reports that 
sebacir seniiaiaide t.e., seharic acid, one carboxyl group of which has 
been cliaiiged to an ainide group and therefore is probably inactive 
bioehemieally, is 95% oxidized. Similarly Flaachentr&ger and Bern- 
hard (104) and Bernhard (12) report that the seiuiethyl esters of di- 
earboxylie acids having eight to ten earbun atoms are oxidized to a 
greater extent in the body than the free dicarboxylic acids. Semi- 
luethyl- and propylamides are oxidized completely (15) ; 

Lkoretnd in urine 

I ed frrmaindpr ovidiied) 

Sebacic and, HOOC(Clb),COOH . ca. 60% 

Sebarir scmipthyl ester, I100r(CHi)sC00CjIh oa. 8% (39) 

Flebaru* aeiniainidi', lTOOr(CHj)|(’()NH» ea. 6% 

Hebai'ic bemimethylainide, llO()CfCll»),(JONFICIIj .. 0 

These expetiiiu'iits thus permit us t«* conclude that the reason di- 
eHtboxylje acids of eight to ten carbon atoms are catabolized with 
difficulty IS tliat the seeoiid carboxyl group interferes sterically with 
the action of the enzyme system neces'»arj' foi 0 oxidation of tlie first 
carboxyl group. If. however, the second group has been blocked as 
an amide or an ester, the latty acid eon be broken up more rapidly by 
means of 0 oxidation proceeding from the free carboxyl group than 
hydrolyzing enzymes arc able to change the blocked amide or ester 
group back to a free carboxyl group with steric hindrance. 

Terminal methyl oxidation, a oxidation, also occurs among the 
carboxylamidcb of fatty acids having four to six carbons, if they have 
double bonds (IOC). In this case the amides behave differently 
from the tuiiides of the saturated acids. Thus, while sorbic acid, 
HOOC- ('H- t’H -CU -(TI CH,. is completely oxidized by the 
body, its amide yields 32'’, muronie acid, -(TI— -t’H- - 

(TI=-C'H - t’OOH, as Kuhn, Koehler, and Koihler foiuid (160). 

When polyenic carboxylic ai’id auiiiles wen* ingested, the yields 
of excreted dicarboxyl acids given in schi'iue (40) were obtained. It 

led (40) fi uni uniin Anmunl 

Cai,-CH=^CII-OONII* Notc 

rif;-(CH-CH)i-C0^1b » Hoot; - (UII=- CH)i- OOOH 82% 

cilr— (CH— CII),-CONHj * HOOC (C’H -CH)r-COOH 42% 

1;Hi-(C[I«CH) 4- CONIl, » HOOC -(CTI-CII)4— COOU 20% 
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may b© Uiat tho percentafi{o yields of the higher adds are out of pro- 
portion because of their low solubility and the consequently diffi- 
cult resorption capacity. Dimcthylacrylic amide, (vH*— 

CH— CONH,, yields 43<; irons-HOOC— COOH; 
CHi — C’Hr— C(CHi)- -TJH — CX)NHj apparently dore not undergo 
0 ) oxidation at all, while OH— (’ONH* is 

only ism'll (I* oxidized. We thus see that when a carboxyl group is 
blocked in the form of an amide, u oxidation takes place more rapidly 
than does the more normal 0 oxidation, even though the fatty acid 
has a shorter chain. 

Wlien dicarboxylic acids are formed in the l>ody from alkylated 
branched fatty ocuIb, a phenomenon takes place wliich Linkc (185) 
designated as tlie carboxyl effect. While on the one hand tenninal 
methyl groups are relativity eiusily oxidized, methyl groups in a 
position will not Iw* oxidized to a earboxyl group by /9 oxidation. The 
adjoining carboxyl grou]) ]m>vcnt.s this oxidation; in other words, 
substituted iiialouic acid is not formed at any stage of intermediary 
metabolism. This is the reason that propanoic ticid (a-incthylacetic 
acid) is the only fatty aeid known whieh undergoes a oxidation and 
probaldy is oxidized to 8-lactic acid (2!), 114,2,17; sec, however, 1,53). 
Ho far as is known, propanoic acid dues not undergo |9 oxidation. 
Lactic acid may, however, undergo j3 oxidation in spite of the above 
facts; this is supported by the findings of von Euler and Bolin (91), 
who found mcsoxalic acid in Medicfigo saiiva, ui addition to glycolic 
and glyoxylic acids. It should be added tba^ mcsoxalic acid may 
also be formed by some other method, such os from glyceric acid. 

Alkyl side chains, on the other hand, whether th(*y are in a,li,y, or 
8 position or not, seem to exert a partiid hindrance on jS oxidation. 
This may Ik* due to the fact that the moh'cules are widely branched 
ami thus make it more dilficidt for active enzyme groups to approach 
the molecule. This may also be the reason that terminal methyl 
oxidation, which as such is potentially weaker, but wliich may have 
less steric interference to contend with from the side chains, is ca- 
pable of oxidizing branched fatty acid molecules more readily to di- 
carboxylic acids (reactions 41), particularly if tlic main chain is only 
of medium length. Thus Keil (144) reports that e-ethyl-(\o acid 
gave a high yield of t-elhylscbacic acid, while uiibraiiched t^o acid, 
when fed under similar conditions, gave u much smaller yield of sc- 
bacic acid. Ethyl- and especially propyl-branched fatty acids are 
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partly excreted unchanged (144a) . Branched unsaturated fatty acids 
like geranic acid if they are in the form of amides, can readily be made 
to undergo u oxidation with good yields. When it is desired to pre- 
pare some of these dicarboxylic acids, this biochemical oxidation by 
the animal body often is the only available method of preparation, or 
at least the only ono with good yields (165,166). 


Foci Exoreted in the urine 

C,I1. GiH. 

CHr-(CH,)j- (':H-(Cri04-COOU — # HOOC-(CHOi-iH-(CHdr-COOH 
CII, CH, 

CH,-(OIb)i -(*11- rH,-C()OH — » UO(K!-(CH0r-iH-CIIr-COOH 
CHj CH, 

CHr-(CHJ,-(*'H-(Hr-C()OClIi — ♦ IIOOC -(CH,)r-<!lH-CHr-COOH 

(41) 


A paper by Thomas and Weitzel (288) also supports the suggestion 
that branched fatty acitls form dicarboxylic acids with relatively 
great ease. They found that when they fed synthetic fat which had 
been prepared from paraflins obtained through the Fischer-Tropsch- 
Gatsch process (GO -|- H,), the urine contained liquid branched di- 
carboxylic acids. Thwe fats contained 15-20‘/( of branched fatty 
acids (183,288u). h'ats with mibranched chains which had been pre- 
pared from hydrogenated lignite paraffins yielded no measurable 
q iui.i it.it.iea of dicorboxylic acids under similar conditions. Here too 
the branched fatty acids are diacidogenic, whUe unbranched ones 
are not (sec also reference 7). 

A compilation of all known data concerning methyl oxidation will 
be found in the paper by Linke (185). Emmerich, Neumann, and 
Fiiumerich-Glaser (87) fed low alkylated suceinie acids; Bernhard 
and linkc (17) fed high alkylated acids (sec also 288b); they found 
succinic acid in ))art and unchange<l alkylsuccinic acid in the urine. 
29% of the jS-carboxytridccanoic acid was a oxidized and excreted as 
j9-carboxytridocanedioic acid. The corresponding dodecanoic and 
pentadecanoic acids did not undergo u oxidation. The introduction 
of one carboxyl group in the jS position thus shifts the maximum of 
(I) oxidation from a chain length of Cr-Cu to one of Cu. If we con- 
sider alkylated succinic acid, however, as a normal fatty acid with an 
acetic acid group in a position, the maximum is at Cu. 
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Exerpted m urine 

♦ HOOO- (CH,)r^Hr--C300H 
Undeoaiidiuic acid 

COOH 

♦ noOC— (CHOr-iljH- COOH 
a-Garboxylundecandiiiie acid 

( 42 ) 

cii, -cooil 

+ IIOOC-(CHj)^AiI— COOH 
/!>Carbox 3 rHridPcaiidioio acid 

Similar results were obtained in feeding experiments of Bernhard 
(14) with alkylated molonic acids. Nonylmalonic aeid gave the 
maximum excretion of all diearboxylic acids, namely, 8.8^i tricar- 
boxylic acid. The maximum here too, in other words, was reached 
when the chain length was Cu. According to Emmerich and co- 
workers, dimethyl- and dibutylmalonic acids were excreted tmehanged 
for the most part ; Bodur reports the same (31) for symmetrical, and 
Weitzcl (308a) for asynmiotrical diinethylsuccinic acid. See Ldnko 
(185) for a list of the specific reports. 

The fact tliat deviations tend to occur among the fatty acids of 
medium length even in different reactions is also shown by the obser- 
vation of Breusch and Tulus (44). They found that, when oxalo- 
acetic acid condensed in pigeon muscle in the presence of )3-hydro:i7 
fatty acids, the Ci and Cm j3-hydroxy acids resulted in a particularly 
low yield of "citric acid," while the lower ^-hyilroxy acid homolog, 
i.e., Ct, and the higher homologs, Cji, Cu, Cu, and Cu, gave much 
higher yields. 

That u oxidation has no connection with normal fatty acid oxidar 
tioii was directly proved by Bernhard (15a). Eed azelainic acid (Ct) 
is mostly excreted in the urine. A deuterium-labeled azelainic acid 
should therefore have a decreased deuterium content if it is diluted 
in the body by nonnal azelainic acid derived from normal fatty acids 
by 0,10 dehydrogenation, splitting of the chein, and subsequent u 
oxidation. Experimentally, the deuterium content of the excreted 
acid was exactly the some as that of the acids ingested. Thus, no 
diearboxylic fattyacids are foniicd in normal metabolism, and neither 
a oxidation nor a catabolic breakdown of the fatly acid chain between 
the ninth and tenth carbon atoms takes place. 


Fed 

CHr-(CH,) r-CHr-C<X)H 
Undeoanoic acid 

coon 

CHr-(CH0ir-AlI-COOH 
or^^arboxylunducBDoic acid, 
n-nonylmalonic add 

CHi— COOH 

CUi— (CHOr-iH-COOH 
^Cttrboxyltiidepanoip arid, 
nrdo€>lBUCuuuc acid 
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u Oxidaiion, the methyl oxidation 0 / fmraffin end of the fatty acid 
molecule, is not a general catabolic mechanism for fatty acids, but is re- 
stricted to fatty acids of medium chain length, Ct to Cu. In these acids 
u competes with p oxidation. Flaschcnlriger and Bernhard (see 103) 
estimate that 90% of a given add of this chain length undergoes /9 oxida- 
tion, while 10% undergoes u oxidation. It is not known where tn ttie 
body u oxidation takes place. Since the principal route of fatty add 
degradation appears to he aUemating p oxidation in the liver, fatty add 
molecules of medium chain length probably are not formed at all or only 
to a small extent in the process of catabohim m the animal body, with the 
result that u oxidation has no significance in the normal metabolism of 
fatty adds. 

Vlll. Attempt to Formulate a ComprehensiFe Theory 
Explaining the Known Mechanisms of Enzyme Action 
on Fatty Acids 

When considoring the 4 known merhanisms of biochemical action 
on fatty acids, it will be noted that two of the mechanisms, p oxida- 
tion and a,p dohy(lro(i;pnatiou, are coiirerned with the second and 
third carbon atoms of the fatty acid chain, while the other two mech- 
anisms, (d oxidation and 9,10 dehydrogenation, are conremed with 
reactions at the ninth and tenth carbon atoms. There con be no 
question that P oxidation and a,p dehydrogenation should be con- 
sidered together, even though two different enzyme systems are in- 
volved. It can l)e assumed that 9,10 dehydrogenation and u oxida- 
tion also belong together. 

If an attempt is to be mode to set up a theory which for purposes 
of a more unified undeistanding assmnes that all reactions involved 
in the metabolism of the fatty acid chain can be reduced to one or 
more similar mechanisms, it will be necessary to be able to craistruct 
such spatial arrangt'ments of the fatty acid chain that the 2,3 (the 
a,p) and the 9,10 carbon atoms can be brought into similar positions 
with respect to the active enzyme group. If we make the probable 
assumption that the fatly acid molecule is attached to the enzyme 
protein by its carboxyl group only, we obtiun the following structural 
picture shown in equation (43) 

P Oxidation and a,p dehydrogenation can be spatially understood, 
dnoe the point of attachment and the point of reaction of the fatty 
add molecule are so close to one another on the enzyme protein mole- 
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fi Oxidation 
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cule that a chemical reaction can take place, even though the paraffin 
chain can move and rotate quite readily. 

The specificity of the dehydrogenation and w oxidation engyme 
systems for the ninth and tenth carbon atoms, on the other hand, is 
quite incomprehensible. The reason for the difficulty lies in the soft- 
ness and flexibility of the paraffin chain which are so great that it is 
impossible to produce even antigens for fatty acid residues which have 
lieen ohoinically introiluced into protein surfaces (120,170) ; this can 
usually lie done with any chendcaJ group of sufficient rigidity to leave 
a definite impression on the surface negative of the antigen (121). 

The specificity of the enz}rme for the ninth and tenth carbon atoms 
can only be explained if ne assume that that part of the parafiin 
chain wliich is behind the carlxixjd group assumes a definite shape; 
this shape must be a ring system the spatial angles of which must be 
in agreement with those of the bonds between the carbon atoms. The 
system has to be so rigid that the chain is in an absolute position 
making it possible for 9,10 dehydrogenation to occur, since no double 
bonds are found in naturally occurring fatty acids that are closer 
to the carboxyl group (except for arachidonic acid and some other 
homologous acids which occur rarely). In order for u oxidation to 
occur, the eighth and ok'vcnth carbon atoms must also be in a posi- 
tion to react, although to a lesser extent than was required of the 
ninth and tenth carbon atoms. The reason for this requirement is 
the fact that fatty acids of this chain length have been shown to 
undergo u oxidation. In the case of o oxidation wo must be able to 
find a position which will be more elastic than was the case for 9,10 
dehydrogenation. These requirements are best met by an arrange- 
ment where the chain is in the form of a ten-membored ring. If the 
molecule has more than ten carbon atoms, the ensuing carbon atoms 
will arrange themselves concentrically around the first ten carbon 
atoms, somewhat in the manner in wUich crystals form. 
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( 44 ) 

Eoiyrnf* " 

9,10 dohydroguuatiun - a,p dehydrogenation 

If the elomenta in excess of ten do ciystallize onto the rinp, the 9,10 
position would indeed be adequately fixed in place. In this fixed 
position the a,0 position has become identical with the 9,10 position 
and the same dehydrogenation would occur in both instances. This 
does not mean, however, that the same enzyme system is involved in 
both reactions. 

The situation is different in the case of u oxidation. Those fatty 
acids which are primarily u-oxidized, i.e., the (^t, Cm, and Cu acids, 
have no more carbons available, once they have formed the ten> 
membered ring, with the result that the chain no longer is so rigid as 
is the case with the higher fatty acids. 





(45) 


Cm: u oxidfition = 
fi oxidation 


Cm: (d oxidation » 
P oxidation 


Ci\: (I) oxidation » 
P oxirlaliioii 


The chain is less rigid, thus ))ennilting in each case a steric ar- 
rangement which is consistent vdth the allowed valence angle and 
yet permits the terminal methyl groups to be in position with re- 
spect to the carboxyl group; hence u oxidation can occur. Such 
a oxidation then would be identical with p oxidation, even though the 
enzymes involved are not the same ones. 

Spatially the following arrangement is also possible, i.e., one in 
which Cr^ii fatty acids are fixed in place by intramolecular foldhig 
over the chain. 
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( 46 ) 


The RidctrackiuK of uxidalioji in favor of u> oxidation which occurs 
after heavy administration of Ct, Cu, and Cu fatty acids may be a 
result of stronger attachment to the protein of the second oi-carboxy] 
group just fonned than is the case for an ordinary |9-hydroxy or 
|8-keto group which may have been formed in the course of ^ oxida- 
tion. Thus the substrate may remain attached to the enzyme for a 
longer ])criod, preventing the enzyme from becoming active in the 
actual j9 oxidation. In this connection, attention is called to the 
papers of Flaschciitr&ger and Bernhard (104) and Bernhard (15), 
concerned with u oxidation of sebacic acid, which were discussed pre- 
viously. They blocked one of the carboxyl groups by esterification 
or amidatioii and found that the coinpoimds then were oxidized more 
readily than originally. This ntay also explain why inalonic acid, 
a jS-carboxylated acetic acid, specifically interferes with the a,|9 de- 
saturation of succinic acid to fmnaric acid, and thus with its oxidation 
to {-malic acid: 


HOOC 
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J. 11/3 me 

Malonic arid inhibitor 


(47) 


This suggestion leads us to the remarkable conclusion that the 
mechanism of succinic dehydrogenase action is similar^^to that of 



384 


F. L. BBBUBOH 


a,p dehydrogenation and oxidation. Thus we can asoiibe u md- 
dation to a partial poisoning of the enzyme surfaces which are needed 
for a,p dehydrogenation and P oxidation. The poisoning is effected 
hy CV Cja, and Cu dicarboiQrlic acids which axe similar in structure to 
molome acid (see equation 45). These in turn, although formed in 
small quantities, stimulate furthei u oxidation of the Cb, (\o and r,i 
laity acidb. This steric explanation of a hindered a,p dchydrogena* 
tion also applies to the oxidative dehydrogenation of the ammo acids. 
Thus, 0.03 M malonic acid stops deamination in rat livers almost com- 
pletely (57). 


Hc: 




Ut lijili ivi iiatiou 

HOOC HNH HOOC 







hnomc 

a-\min(i aiMfl 


rirliniiiu and 


HOOC 


cr-Keto acitl (48) 


This formulation has furthci uses Almost all imsaturated fatty 
acids which occur in nature imd which have two or three double bunds 
do not have coniugatcd double bonds, but double bonds which are 
separated fioni om‘ another by (’Hj groups. The scheme given for 
oleic acid can l)e developed to show that eveiy double bond origiiiati's 
trom an a,p dehydrogenation 




Tvtii a,|9 unsatuiatioii^ Thit'c a.^unsatuialion-t (49) 

a* '• “-fiinoIcK B4>iil A’-"* « >• >• "-Liiioleiiic wid 


Our assumption that the ten-niernliered rings which we have sug- 
gested are stable is based on expeiimental results of Iluckel, (lerkc, 
(IroBS (132) and Plattner and Hulstkaiiip (225) IVy found that 
derivatives of cyclodecane, like 1,5-dioximeb, readily fonn derivatives 
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of decahydronaphthalene, decalin, by closing the rinf;. We thus ^lee 
that the suggestion of a ten-membercd ring as postulated may ac- 
tually correspond to the conditions prevailing in the molecule. The 
fact that the distillation of barium and thorium salts of undecane- 
dioic acid (Cu) results, according to Ziegler and Aumhammer (320), 
in a low yield of cyclodecanones does not contradict the assumption 
of a concentric cyclodecane-like ring which has been made here, since 
in u oxidation only one end has a carboxyl group, while the other had 
a paraffin chain. This theory, if slightly varied, can also e]q>lain the 
origin of aracbidonic acid. According to Dolby and Nunn (73) and 
Movry (211), arachiduuic acid is ^‘■“■'•“•'‘•“•‘^-eiooeitetraenoic 
acid (C»). Its structure can be thought of as originating by a,P 
dehydrogmation in the following manner: 


( 60 ) 

1 iirymo 

a,B Dohydnixeuation orrurring four tunes 

x-iOicositetracnoic arid (arachidonie arid) 

Clupanodonic acid, which has five double bonds and which occurs 
in the phosphatides of the brain, accordingly would have the structure 
of a A*'''’*''>^‘>‘*'“'*‘’”’“pentaenoic C* acid, since there is room for 
another double bond in the structure indicated above, if we except 
the 2,3 position. 

Further indication that the 9,10 position is specific for biochemical 
reactions based on spatial arrangements along the siufoce of the en- 
zyme can be seen by liuoleic acid’s loss of vitamin F characteristies 
if its chain is synthetically lengthened by 1 or 2 (’ll* groups (143). 
Even a shift in the position of the double bond from the 9,10 to the 
10,11 position will cause a loss of the vitiuruii characteristies. Tlie 
special position held by fatty acids of medium chain length, both from 
a physical and bux;heraical point of view, is also shown by the experi- 
ments of Koelke and Heichel (239), who showed that the bactericidal 
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action of soaps of different fatty acids is at a maxiniuni for chains 
having eight to twelve carbon atoms. 

This theory will not explain the posititni of the doublh bonds in 
the multiply unsaturated fatty acids, Cu to Cu, which Toyama, 
Tsujimoto, and Tsuchiya (293) isolated from fish oils and which, ac- 
cording to the authors, have conjugated double bonds in positions 4,5 
and 6,7. The observations of integer and van Loon (265) and of 
Moore (209), however, who state tliat the customary method of 
saponifying fats by cooking with alkalis results in conjugation of the 
nonconjugated double bonds of linoleic and linoleuic acids, should 
caution us with regard to reports on the primary position of conju- 
gated double bonds in fatty acids- 

We also should remeinl^er that a secondary transfonuation of 
multiple rmsaturated nonconjugated fatty acids can take place, 
changing them to coinimunds with conjugated double bonds. Thus 
Houston, Cotton, Kou, and Moore (131) found that fatty acids that 
have several conjugated double bonds (eq. 51) occur in cow’s milk, 

cii,-(CHy),-CH- rii-cib ('H -rn -(CiDt -r'ooii 

liiuoleic Held, nonconjugated, tound in grosti 


Kon 


01 ItaHHttKI tIutlllKll 
tlir uiuiiaI bod\ 


(51) 


CH.- (CIW«-CII,-€1I=€H— enroll -((311,),— COOH 
ConjuKated fatty and in nulk 


even though the multiple unsaturatod fatty ucids from which these 
were derived and which occur in the ingested gross did not contain 
conjugated double boiulh. Since the anuual body does not synthe- 
size multiply misaturated fatty acids, undoubtedly a secondary shift 
of the nonconjugated double to conjugated double bonds occurs, as 
tlie multiply unsaturuted fatty acid passes through the animal body. 

Thus, except for Japanese reports which still await confirmation, 
nearly all double bunds found in naturally occurring fatty acids start 
at an odd carbon, counting from the caiboxyl group. Moat first 
double bonds are either 5,6, 9,10, 1 1,12, nr 13,14 double bonds, ootmt- 
ing from the carboxyl group, that is, they are spaced ut distances of 
two carbons (32). This then permits the assumption that all first 
double bonds were originally formed at the 9, 10 position, and that the 
fatty acid subsequently either underwent a shoriening of its chain by 
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(2 C)a throui^ fi oxidaticm, or that its chain was increased by (2 G), 
throu^ biosynthesis (scheme 52). This assumption then would 
also explain the existence of erucic acid (A^*'^*'Unsaturated Ca add) 
and nervonic acid (151) (I5,16-\m6aturated Cm arid). They probably 
are a result of a subsequent biosynthetic increase in the chain of oleic 
add, since oxidizing off 2(2 C) from erucic acid or 3(2 C) from ner- 
vonic add will give A‘>**-oldc acid. 

CH,-(CU,),-CII --CU - (CH,)t-<HK)H 
Dohydruxcnatimi in 0,10 (9,10 -Ch) 

CII,— Cn»-CH«CH— (Clh),— COOH 

Ijaurolric acid (9,10-Cu) (52) 

Subsequrnt biuaynthrsiH 

+ 2(2 C) ► CII, -(CU,),-CH- -OH--(CH,),-(CH,)r- C(X)H 

Erode acid (13,14-Cit) 

+ 3(2C) > CHr-(CITj)7-CH=CIl-(riI,)r-(CH,)r-COOn 

Nervonic acid (15,16-Gm) 

The theory preseuted here is as yet unproved and perhaps is more 
of a working hypothesis than an accurate description of what takes 
pla(‘e. It permits us, however, to integrate into one picture not only 
all known mechanisms of enzyme action on fats but also the structures 
of almost all known uiisaturated fatty acids. It is presented in order 
to arouse comment. Whether it is correct or will be replaced by a 
better theory can only be dedded by fmiher mqwriinentation. 

A stnictwral thory is proposed which permits ascribing the most im- 
portant processes of enzyme ouslion on fatty acids, i.e., jS osidaiion, a,0 
dehydrogenation, a oxidation, and 9,10 dehydrogenation, to the same 
mechanim. This hypothesis is adranced with the object of inviting 
criticism and comment. 

IX. Biochemistry of the Lower Fatty Adds 

The metal Mutism of the lower fatty adds containing two to six 
carbons can be included in the metabolism of fat only to a limited 
extent, since the terminal metabolism of oiher food components is 
included therein. However, since these acids may represent frag- 
ments resulting from the catabolism of higher fatty acids, they should 
be considered within the framework of this review. 

o-Amino acids become a-imino acids by a,p dehydrogenation and 
become a-keto acids through hydrolysis. The latter in turn are re- 
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duced to a-hydroxy acids. An o^eto add, pyravio add, is an inter- 
mediate stop in the oxidation of glucose, lactic add bdng reversibly 
formed from pyruvic add. Yeast and other lower organisms can 
split oi-koto acids anaerobically, forming aldehyde and carbon di- 
oxide eventually. In the higher organisms, this ability to degrade 
o-keto acids is dovdoped to a much more limited degree and restricted 
to the lower a-keto acids, i.e., those having no more than four carbon 
atoms (112,113). In addition, warm-blooded animals are also ca- 
pable of aerobically converting pyruvic add to acetic acid and carbon 
dioxide. Tliis was proved by Swondseid, Barnes, Hemingway, and 
Nier (279) who, after feeding pyruvic acid containing deuterium, 
were able to isolate from the urino acetylamine which contained deu- 
terium in the aretyl groups (1 Sc) . This acetylation can also be proved 
directly by feeding "tagged" acetic acid, which is also partiaUy oxi- 
dized (50). Acetic acid may also be oxidized at the methyl group 
(Buchanan, personal communication). AftpergiUus niger grown on 
calcium acetate produces glycolic and glyoxylic acids (59). Nord and 
Vitucci (220a) have shown that wood-destroying molds transform 
acetic acid to succinic acid, glyoxylic acid, and oxalic acid. 

The tn vitro acetylation of amines, which takes place when pyruvic 
acid is catabolized, is increased by the addition of vitamin Bi (tliia- 
min), and is decreased by the addition of Ct-dicuboxylic acids, or by 
the addition of aldehydes (277). According to Bernhard, deuteritun- 
containing acetic acid is formed after ethanol or alanine containing 
deuterium has been administered (15d,19a). It is also formed from 
n-butonoic acid, n-pontanoic acid, and even from n-tetradecanoic 
(myristic) acid, but surprisingly not from n-proponnic acid (26). 
Thus acetic acid, or any other two-corbon fragments which acts as 
a radical, may be the catabolic product of all food constituents. 
For instance, deuterium-containing acetylamines may be excreted 
in the urine after any of the compounds in (53) are fed. 


D 0 OUD 

M i-A.n 

1 1 1 

D 0 

J. II 

1)-C—C— (30011 

1 

D 

IJ i -COOTI 

1 

1 1 1 

1) D 

1 

D 

1 

1) 

(53) 

D I) I) 

D NH, 

D D 

j) -i- i- C’oon 

1)— Jj— A -<m 

\) - (!/ — d’/-- i — ori 

I) il) 

li A 

UA 



BIOCHEIOSTBT OF FAITT ACID CATAB0IJ8U 


From the dilution of fed C'*-containinK acetic acid (calc, from the 
C** concentration of acetylominee excreted in the urine) Bloch and 
Itittenberg (26) estimate that 15 to 20 millimoles (or 0.9 to 1.2 g.) 
acetic acid per 100 g. body weight are formed daily in the body of 
warm-blooded animab as catabolic products of the food oaten. This 
would mean that a man weighing 70 kg. would daily form about 700 
g. aoetio acid or other two-carbon fragments in intermediary metabo- 
lism. In other words, almost all of the nutrients which are burned 
per day could pass through this catabolic state. 

In 1921 Neuberg and Hirsch (217) discovered acyloin condensation 
in yeast. They found that acetaldehyde, while in the nascent state, 
can condense with other aldehydes, such as benzaldchyde, forming 
acyloins (cq. 54). Later the enzymic character of this reaction was 
contested (72), but apparently not successfully (169). 

CJH.-CO-COOTI (lli-i-=0) + ()==HC— 

Pyruvic acid I'wit-carbnn radical licnaaldchyde 

iarctaldchvdc iii the 

nasc«'tit blale) (54) 

» CIL -CO- ^ 

Acyloin 

Pyruvic arid and acetaldehyde (pprliji]js aretie arid too) ran also 
biochemically undergn the eondensatloii to acetoiu (eq. 55) or diacetyl, 
according to Hirsch (12(ib); silso in butyric acid bacteria, according 
to Virtanen, Kontia, and Slorgards (301). This kind of condensation 
can also take place in animal tissues (1J3). Martius (197) suspects 
that a radiciJ-like iiiterniediate compound is formed in the decarboxyl- 
ation of pjTUvic acid and that this intermediary is very reactive and 
is readily condeurtod. The eoinpound cannot be acetaldehyde itself, 
since acetaldehyde <loes not lend to cond(‘nse with itself to form ace- 
toin under the conditions prevailing in animal tiasucs. Other alde- 
hydes, like propanaldehydc, also react in the organism with pyruvic 
acid, forming an acetoin wdth five c.arl)on atom.s. In this condensa* 
tion the second carbon of p>TUvic acid yields the koto group of the 
acetoin, while the aldehyde yields the alcohol grouj) (10). The dis- 
appearance of acetolilehyde in the whrde animal is only interfered 
with if liver function is disturbed, but not if the kidneys have been 
extirpated (190) . Brain tissue also catalyzes the formation of acetoin 
(271). 
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(56) 


Acetoiii can be reduced in the tioHues, but a large percentage is 
oxidized as the substance passes through the body. When Westcr- 
feld and Berg (309) fed 25 g. aretoin to a dog, they were able to re- 
cover only 4 g. of 2,3-bulylene glycol and a little acetoin from the 
urine. So far no direct connection has been demonstrated between 
fat metabolism and acetoin condensation. It is probable that acetoin 
formation is only an alternate route in fat metabolism, since the acet- 
aldehyde content of blood is very low, varying between 0.03 and 1 
mg. per 100 g., according to Stotz (270). 

Acetoin or diacctyl apparently can be reversibly split to two moles 
of acetic acid by oxidation, since Doisy and Westerfeld (74) observed 
a pronoimced rise in the excretion of acetylaminobenzoic. acid in the 
urine after feeding acetoin, butylene glycol, and p-aininobenzoic acid 

Ingrated Exerpted iu the urine 

cili— CO— CHOU— CHi 

Acetoin (56) 

+ > CH| — CO — NH — ^ ^ — GOOH 

HiN — ^ ^ — COOH p-Acetylaminobenzoic acid 

/^-Ammobenzoic acid 
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Bunultaneously (eq. 66). Thus fonnatioii of aoetoiu is not the meta- 
bolic blind alley like perhaps the formation of acetone. 

This is confirmed by the findings of Green, Stuinpf, and Zarudnaya 
(111a) of a diacetyl mutase in animal tissues, dismutating diacetyl to 
acetoin and acetic acid. 

In the range of the lower fatty acids a large number of enzyme reac- 
tions still remain to be discovered and integrated into the over-all 
picture. This is demonstrated, for example, by the experhnents of 
Friedmann and Maase (108), Woil-Malhcrbe (305) and Hoff-J0rgen- 
sen (128). They have shown that m a,j9-dihydroxybutanoic arid, 
probably d,Z-erythrodihydroxybutanoic acid, is a good hydrogen 
donor. Kleinzeller (149) reports that kidney sections readily oxidize 
butanoic add, ^-hydroxybutanoic acid, crotonic acid, vinylacetic 
acid, Y-hydroxybutanoic arid, and a,Y-dihy(lroxybutanuic acid, but 
not /3,Y-^hydroxybutanoic acid and tetronic acid. Martins and 
Maud (198) have shown that our of the four stereoisomers of hy- 
droxycitric acid is also a good hydrogen donor. Dakin (69) observed 
that hexanoic acid, /3-hydroxyhpxanoic add, ^-ketohydroxyhexanoic 
acid, and a,j9-unsaturated hexanoic add all yield only acetone in 
liver diffusion exi>eriments, but no methyl propyl ketone. Actually 
the ketone was not isolated, but indirect analysis made it probable 
that acetone was really produced. Breusch and Ulusoy (49) were 
able to explain the mechanism of the findings of Dakin. According 
to Toropowa (292), the following equilibrium ran be established with 
lactic dehydrogenase: 

lactic acid + n-kctobutanoii' acid ^ " 

pyruvic arid 4 arbydroxybutanoic acid 

a-Mcthylenc- 7 -hydroxybutanoic acid lactone: 

6nr-CHr-S;(=cH,)-b=o 

occurs in Erythronivm americamm; this may be the lung-sought 
precursor of isoprene and its polymerizatiim products (56). 

We thus Bee that the metaboUem of the lower faUy acide permits draw- 
ing conclusions concerning that of the higher fatty adds only with cati- 
iton, since lower folly adds are also formed in the course of carbohydrate 
metabolism and apparently are capable of undergoing a relaiivdy large 
number qf catabolic and anebolie reactions which are still unknown to us. 
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X. Further Gatabollsm of the Two-Garbon Fratutents 
Resulting from the Oxidation of Fatty Adds 

Simple or alternating p oxidation mokes the chain of the fatty 
acids available in the form of two-carbon fragments. Until recently, 
little was known concerning the fate of Uiese two-carbon fragments. 
It did not seem probable that these fragments occur as free acetic 
acid in any large quantities, since the acids which result from it 
tlirough oxidation, such as glycolic acid, glyo^^lic acid, and oxalic 
acid arc too slowly oxidized, and since some of them, like oxalic and 
glyoxylic acids, arc toxic in the quantities in which they would have 
to occur in intermediary metabolism (148). To know that acetic 
acid condensed to acetoacolic acid in the livei- (24,84,109,193,204,205, 
202,279) did not help either, since the only known metal)olitc of ace- 
toacetic acid, namely acetone, apparently is oxidized with difficulty 
in the body and should therefore be excreted mainly imchanged. 

Orten and Smith (224) found in 1936 that, after they fed dicar- 
boxylic acids containing four carbons, like l-molic acid, succinic acid, 
maleic acid, and also inalonic acid, they could isolate citric acid in the 
mine. Simola (249) observed that feeding p-hydroxybutyric acid 
increased the content of a-ketoglutaric acid and of citric acid in the 
urine. According to Simola and Krusius (248), ingested pyruvic acid 
also increases the excretion of a-ketoglutaric acid in the urine. These 
authors assumed that j9-hydroxybutanoic acid undergoes methyl oxi- 
dation to 1-malic acid, as was already suggi>stcd previously by Kiihnau 
(164), who unfortunately used a technique that is not clear, showing 
that this reaction takes place in the liver to a limited extent and repre- 
sents an alternate route. Martensson (195) has shown that the ex- 
cretion of citiic acid can be better ascribed to the toxicity of high dos- 
ages of eVdicarboxylic aciils (as through toxic maleic acid). The 
mechanism of the formation of citric acid remained unexplained. 

Breusch (38,39) was able to show a way in which two-carbon frag- 
ments may be oxidized. He found that acetoacctic acid, and, to a 
smaller extent, other jS-keto fatty acids, react with oxalacetic acid in 
muscle to give citric acid or a CVtricorboxylic acid in equilibrium with 
citric acid (reaction 57). 

In 1943 Itoseuthal and Wielund (31 1) independently obtained the 
same results with kidney, but did not recognize the fundamental rule 
played by this condensation in the catabolism of fatty acids in the 
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animal organism. Brpiisch had already observed in 1939 (36) that 
only the kidneys were capable of condensing pyruvic acid with oxal> 
areidc acid, in addition to condensing two moles of oxalacetic acid 
to "citric acid” (analyzed by the method of Pitcher, Sherman, and 
Vickery, 228). 

It is still uuderided whether other /9-keto fatty acids beside areto- 
acetic arid also react directly, since they too form Crtricarboxylic 
acids with oxalacetic acid by the action of enzymes, though to a 
smaller extent (41) . It may bo that the higher jS-keto fatty acids are 
fiist split to two-carbon fragments and then are condensed with oxal- 
acetic acid either directly or after recondensation to acetoacetic acid. 
This question needs additional research, since the tricarboxylic acirls 
formed, which have been analyzed as "citric acids” coloriinetrically, 
have not yet been isolated; in contrast to the acetoacetic acid-oxal- 
ocetic acid condensation (see also 47) . Hence equal ion 57 remains only 
an outline. 

As yet we do not know how many intenuediaiy steps the condensa- 
tion reaction passes through and whether citric acid is formed first, nr 
whether isocitric acid or ciA-aconitic acid is formed first. Buchanan 
Sakami, Gurin, and Wilson (51,52) claim that cis-aconitic acid is 
formed as the most probable product of condensation. These three 
Crtricarboxylic acids are in equilibrium in abnost all living cells, as 
a result of the action of the enzyme aconitase. In an equilibrium 
mixture citric acid constitutes SO^ and can be analysed and isolated 
most rapidly (196), This equilibrium reaction was suspected by 
Koenigs (156) in 1892. On the basis of the almost quantitative yield 
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of citric acid from aoetoacotic acid Widand and Rosenthal concluded 
that all four carbon atoms of acetoocetic acid form citric acid. 

Wieland and Rosenthal (311), as well as Breusch and Keskin (41), 
were able to isolate the biological condensation product, or citric acid, 
or the quinidine salt, which melts at 128-1 30° C. and forms beautiful 
crystals. Weinhouse, Medes, and Floyd also used this second method 
(308). Definitive proof is only given by the isolation of citric acid, 
since Breusch and Tulus (47) were able to show that the colorimetric 
micromethod of Pucher, Sherman, and Vickery (228) is not suf- 
ficiently specific, as far as the definition of structure is concerned. 

It is interesting to note that paraffin-substituted citric acids and 
other substances of similar structure occur in nature, just as they are 
postulated according to the condensation shown in equation (57). 
These are agaricmic acid (59,238), miuiolutcic acid (21), and spiculo- 
sporic acid, obtained by ('luttcrbuck, llaistrick, and Rintoul (64) and 
caparatic acid, which Asano and (Ihta isolated (7b) from lichens; 
the latter is an agaricinic acid the paraffin side chain of which has 
only fourteen rather than sixteen carbons. 

COOH coon COOH COOH COOH COOH 

ciu— (CHOir-iH — ioH — in, ch.— (Cho,— in — ion — inon 

Agaricinic acid, MinioluLeic acid 

hexadecylcitrir acid decylhydroxycitric arid 

COOH OH COOH COOH 

cn,-(ono»-Cn — in-in — in, 

Spiculosporic arid 

Martius (196,169) in 1937 discovered that citric acid is degraded 
to a-ketoglutaric acid by way of isocitric acid. Neuberg and Ringer 
(220) and then Weil-Malherbe (304) were able to show that o-keto- 
glutaric acid can he transformed to succinic acid through the action 
of enzymes. In the last two reactions two carbon atoms ore split 
off in the form of two molecules of carbon dioxide (see equation 60). 
Thus succinic acid is formed, which is then oxidized to oxalacetic 
acid (117,280) by way of the equilibrium fumaric acid (-malic 
acid (9,7S-n80,200). Oxalacetic acid in turn con again react with ace- 
toaoetic acid to give a Ci-tricarboxylio acid which then is oxidized to 
C 4 ’dicarboxylic acids and two molpcules of carbon dioxide. This 
then is the method by which tlie two-carbon fragments of the fatty 
acids are catabolized, that is, by constantly passing through the Cr 
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tricarboxylic acid cycle (eq. 60). Krebs and Johnson (159), following 
an in vitro proposal (154), advanced a similar theory in 1937. They 
postulated that pyruvic acid and oxalacetic acid condense to give a 
seven-carbon product through the action of enzymes; the latter 
product was supposed to form citric arid or one of the C'B-tricarboxylic 
acids in equilibrium with it. Thomas (287), Barron (8), Breusch 
and Kara (40), and Stare, Lipton, and Goldinger (264) disagreed 
with that hypothesis. Breusrh (35) was able to show that, if oxal- 
aretie acid is merely neutralized in concentrated solution, condensa- 
tion products are fomiod which are also analyzed as citric acid, if the 
colorimetric method of Purher, Sherman, and Vickery (228) is used 
since that method is nonspecific (47). Even minimal concentrations 
of Ca will catalyze this condensation (43). The reaction product is 
not stable when boiled with alkali, but probably as a result of reduc- 
tion to the corresponding hydroxy arid, its o-keto acid forms an 
alkali-stable “citric acid,” which is not identical, however, with citric 
acid. The author assumes the reaction proceeds as in (59). Oxalo- 
citramalir unstable to boiling alkali, and glyoxylcitramolir, stable to 
boiling alkcdi, both give the peutabromiicetone reaction of citric acid. 


II 

Hf’H ^ 

IIOOC— i’O 
Pyiuvic arid 


OC (’H, 

iooH coon 

(Kalacetir and 


CH: (’OH CHi 

IIOOC- CO ioOH /'OOll 

OxalocilrainAlie auid 


IPtlultlDD 


-CJOH— 

(*'oon 


IIOOC- con Coon 
H 

Glyoxyldtramalic acid 


Definitive proof can only be given by isolation of the actual conden- 
sation product. Extensive unpublished experiments conducted at the 
institute of tho author have shown that the “citric acid“ formed ac- 
cording to Krebs and Johnson (159) cannot be isolated as a quinidine 
salt by the method worked out by Breusch and Keskiu (41), even 
tbm i gh it was possible to isolate most of only 25% pure citric arid 
which had been added to the same tissue extract. Similarly the 
“citric acid” which Breusch and Tulus (44) had analyzed as a product 
of the condensation of oxalacetic acid with higher fi-hydro:^ fatty 
acids could not be isolated as the quinidine salt, even though in this 
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case too citric acid which had bem added could be isolated. It may 
well be that we are dealing here with an artifact due to the effect of 
the higher fatty acids. 

At first Krebs and Eggleston (161,162), who because of the war 
were worldiig with tissues obtained at stockyards, felt unable to ac- 
cept the theory postulating the condensation of acetoacetic acid and 
oxalacetic acid by the action of enzymes. Now, however, after the 
definitive experiments with the isotope (51,52,308), they ac- 
knowledge the correctness of the theory (personal conununication). 
The problem of which of the three Crtricarboxylic acids represents the 
first condensation product has not yet been solved nor do we have an 
answer to the question of the possible formation of phosphorylated 
intermediary compoimds. 

It is now certain that pyruvic acid can form acetic acid in the liver 
by way of a reactive two-carbon fragment and then can form aceto- 
acetic acid through condensation. We therefore con assume that 
pyruvic acid also takes part in the acctoarctic acid-oxalacctic acid 
condensation through the same mechanism. If, in spite of this, in 
vitro incubation experiments of muscle tissue with pyruvic acid and 
oxalacetic acid do not result in the formation of true citric acid, this 
may be due to the fact that large amounts of keto acids may have 
damaged the respiration of the muscles to such an extent that pyruvic 
acid no longer can be oxidized to two-carbon fragments in any sizable 
quantities and the artificial conditions which prevail cause an artifi- 
cial condensation product to be formed under tho influence of tissue 
calcium. 

Bo far only one Cc-tricarboxylic acid cycle has been demonstrated. 
Its essential mechanism is the condensation of acetoacetic acid (per- 
haps as a two-carbon, radical-likc fragment) with oxalacetic acid 
to form one of the three CVtricarboxylic acids which are in enzymic 
equilibrium, namely, isocitric acid ^ cfs-oconitic acid citric acid 
(reaction scheme 60). 

The condensation of acetoacetic acid with oxalacetic acid to form 
citric acid (or cts-aconitic acid ^ isocitric acid) at first was rejected 
by Martius (197), but then was confirmed by him. Similarly Bu- 
chanan, Sakami, Gurin, and Wilson (51,52) confirmed the reaction 
scheme. They were working with acetoacetic acid containing C** 
in the carboxyl group. They also were able to isolate the ce-keto- 
glutaric acid (Ci) formed after the condensation of acetoacetic acid 
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with oxalacotic aciil to form a CVtricarbozylic acid which in turn ia 
oxidized to o-kctoglutaric acid. The authors concluded on the basis 
of the content of the carboxyl group and of the keto group that 
the condensation probably had not proceeded by way of the sym- 
metrical citric acid, but rather by way of cis-aconitic acid (see equa- 
tion 60). It may be possible, however, that the formation of a- 
ketoglutaric acid proceeds by an entirely different, unknown route, 
since Evans and Slotin (92,93) have shown with radioactive carbon 
dioxide (C“Oi) that pigeon liver is capable of synthesizing o-keto- 
glutaric acid from pyruvic acid and carbon dioxide. 

Accordmg to Lardy and Phillips (176), this condensation also takes 
place in the respiration of sperm Hunter and Leloir (135), who 
worked with kidney suspensions, also confirmed tliis eondcnsation re- 
action. They found this condensation will result in maximum yields 
of citric acids only if ketoglutaric acid or glutamic acid is oxidized 
simultaneously. 

The final proof of the presence of this enzyme-catalyzed condensa- 
tion was furnished by Weiuhouse, Medes, and Floyd (308). They 
found that, when they incubated acetoacetic acid containing the 
isotope in the carboxyl group with oxalacetic acid in kidney tissues, 
the citric acid which they isolated contained C’‘* in one of the outer 
corlmxyl groups. They report that according to the C’* content, 
70% of the citric acid fonned arose os a result of the condensation re- 
action described by Brcusch, and Wielund and llosenthal. 

In a further, more detailed investigation (106a) Floyd, Medes, 
and Weinhouse, using tissue homogenates in the presence of 
ions, as did Wiclond and Rosenthal (3J 1), found that, under these 
conditions, in kidney — in muscle— 37"(, and in brain — 25°^!, 
of the isolated citrate was derived from the incubated acetoacetic 
acid. The rest of the nonisotopic citric acid they suppose was 
derived from the condensation of oxalacetic acid with an acetic acid- 
like two-carbon radical, which, according to a theory of Martius (197), 
may be a chief intermediary metabolite of all kinds of food. The 
authors (lOtia), using C^’-containing bicarbonate and a-keto^utor- 
ate, found that an appreciable part of the citric acid fonned while 
being incubated with kidney is due to the Ochoa reaction (223), the 
enzymic carboxylation of o-ketoglutarate to kctotricarballylic acid 
yielding isocitric acid which, in turn, yields citric acid (eq. 61). 

Breusch and Keskin (41) have investigated the properties of the 
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coudoosing euzyinc nysteui more closely. They designated it "citro- 
geiiase” provisionally, not knowing, however, the actual steps in- 
volved. This condensation system is particularly prevalent in 
muscle and kidney tissue- It does not occur so much in brain tissue, 
and seems almost completely absent in liver tissue, but this may only 
be apparent, since liver may be able to oxidize luiy formed citric acid 
I>articularly rapidly (45,175). Lohninger (179) was able to olwervo 
the formation of citric acid (or onothcT Ci-tricarboxylic acid) from 
ocetoacetic acid and oxalacetic soul in liver after slowing the degrada- 
tion of citric acid by the addition of malonate. 

This enzyme system is completely lacking in the lungs and the 
spleen. This is in accord with the report of Snapper and Griinbaiun 
(255,257), who found that muscle and kidney catabolize large quanti- 
ties of acetoacetic acid, while liver tissue catabolizes less and the 
lungs and the spleen do not catabolize any. In general it con be said 
that the lungs, the spleen, tlie placenta, and the narotid glands do not 
react with a- or 0-keto acids, or only do so very slightly (40). 

The optimum pH of the condensing enzyme system is in the neigh- 
borhood of 7.5 in muscle. It is iuliibited by arsenite, but not by 
sodium jSuoride or iodoaceiic acid. The system is inactivated when 
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heated to 60^ for ten minutea. It inactivateB itself in minced pigeon 
muscle tissue 50^, if kept at room temperature for five hours. 
Even minimum quantities of acetoacetic acid (three to five milli- 
gram per cent) will give quantitative reactions, while higher concen- 
trations of oxalacetic acid are required. 

According to Ereusch it is possible to extract the enzyme system 
from tissues by means of a bicarbonate solution. Hunter and Loloir 
(135) showed later that the enzyme does not actually go into solu- 
tion, but that the colloidal particles of the suspension which have been 
extracted out are the real carriers of enzyme action. 

In 1913 McKenzie and Widdows (203) advanced the suggestion 
that acetic acid, in nascent state may occur in the form of a ketene- 
like radical in biochemical reactions, lliis suggestion was supported 
by Martius (197). He was able to show that, when pyruvic acid is 
broken up by oxidations, the intermediate two-carbon fragment may 
either combine with oxalacetic acid, with the formation of small quan- 
tities of “citric acid,” which wore not isolated, however, or with acet- 
aldehyde, with the formation of diacetyl and aciitoin. Neither free 
acetic acid, however, nor acetaldehyde can undergo these reactions. 
Lehningcr (179) and Weinhousc, Medos, and Floyd (308) also believe 
that radical-like two-corbon fragnjents are the actual compoimds 
undergoing reaction. Weinhousc, Medes, and Floyd express the be- 
lief that that sul)stance which gives the greatest yields of citric acid 
with the help of enzymes, ?.e., arctoacetic acid, first is broken up into 
two-corbon fragments which in turn undergo the condensation reac- 
tion. This belief is strcnglhcned by the fact that citric acid is quan- 
titatively formed from all four carbon atoms if small quantities of 
acetoacetic acid are used (311). Tlie original outline of the reaction 
proposed by Breusch (see cq. 57) indicates, however, that only 
h^ of the molecule should react. Yet, equations 62 and 64 indicate 
that the remmning two-corbon fragment can react with another 
molecide of acetic acid to form acetoacetic acid, which then can 
again react. Any further conclusions will have to await additional 
studies of the mechanism of the condensation reaction, lipmann 
(187) suggests that the reactive intermediary product is an acetyl 
phosphate which is formed as a result of the enzymic decomposition 
of pyruvic arid. Experiments by Hunter and Leloir (135) indicate, 
however, that acetyl phosphate is not identical with the reactive 
two-carbon fragment. Lyneu (191), working with yeast, observed 
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the fonnation of citric acid from acetic acid and oxalacetic acid, but 
here too previous condensation of acetic acid is not excluded. Yeast 
also oddizes acetic acid directly to citric acid. Honderhoff and 
Thomas (260), carrying out this reaction, obtained citric acid<di from 
acetic acid-d|. This reaction docs not take place in wann-blooded 
animals. 

Acetoaeetic act’d, the primary metabolite of fatty aeidM in liver, and, to a 
smaller extent, higher p-keto fatty adds ei'erUmdly formed in muscle tissue, 
undergo condensation uith oxalacetic acid in muscle and kidney tis- 
sues, resulting in the formation of CvtricarhoxyUc acids due to the action 
of an enzyme system (citrogenase). These acids, citric add ds-aeo- 
ntiie add isocitric add, are in an enzymic equilibrium vnth one ars- 
other, of whidi citric acid makes up 80^i. These adds lose two car- 
bon atoms through oxidation and then are readily oxidised to oxalacdic 
acid (Cl), which m turn utidergocs nm condensations and thus bums 
fatty acids at the rate of two-carbon fragments; this is called the Cg- 
IrirarboxyUc acid cycle. 

XI. Ketone Body Formation and Degradation 

Knibdcn and Locb (84) in 1913 as well as Friedmann (109) dis- 
covered that the nuinml orguiiitau can convert acetic acid to aceto- 
acetic acid. Jllixpnkrone-M0llor (24), MacKay, Wick, and Bamum 
(193), and Stadie, Zapp, and lAickens (202) reported further evi- 
dence pointing in this direction. The dehnitive proof was furnished 
in 1942 by riwenseid, Barnes, Hemingway, and Nier (279), who fed 
rats acetic acid “tagged” wiOi C”. Medes, Weinhouse, and Floyd 
(204,205) obtained the same result with liver sections. The saiiu* 
authors (300) ol)ser\'ed that octaiioic acid “taggetl’' with C>* in 
the carboxyl group fonned acctoncetic and in the liver, being 
fouiiil in both the carbonyl aiuHhc carboxyl groups of tlic acetoacetie 
acid molecule (cciuation 15, page 3.')9). lichningcr (180), working 
with a liver ])rcparntion, reports that the oxidative transfonnation of 
free fatly acid to acetoacetie acid requires the presence of adenosine 
triphosphate and magncsiuiii ions. 

Fatty acid oxidation proceeds, in the liver at least, by way of a pri- 
mary formation of acetic acid or of sonic other twu-oarbon fragment, 
with the formation of acetoacetie acid as the second step. 

Medes, Weinhouse, and Floyd (200), who have investigated this 
important question in more detail, found tliat acetic acid is oxidised 
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ii^JUner, Jddaejv, sadheait. IVhea liver sUcre are incubated with 
acetic add, acetoacetic acid will be formed, while kidney slices bring 
about the formation of acetoacetic arid to a much smaller extent. 
Even BO, it was possible to demonstrate with kidney slices as well 
that when CH|G^*OOH and CHiC'OCHiCOOH are incubated simul- 
taneously, there is a partial formation of CH|C^*OCH|r’*OOH, thus 
indicating that perhaps on equilibrium exists between the formation 
of acetoacetic acid and the disappearance of acetic acid (302). The 
same result was observed when CH»C'HjCHjG'*OOH was incubated, 
('’H|C‘*OrHjC**OOH being formed in both liver and kidneys (204). 

Clli-CO-Clb-COOII + CH,-C‘*OOH , 

Numuil S-aevtoBoetio Acplir add nilh 

acid in the caiboxyl 

group (62) 

ClI,-C‘'0-CHs- C>OOH 
^-Aeotoacplic acid with in 
both caiboxyl and raibonyl groups 

Buchanan, 8akanii, and (Jiirin (.')2a) report, however, that, when 
liver slices arc incubated with acetoacetic acid containing C‘* in the 
carboxyl-carbonyl groups, no reverse siilitting to two-carbon frag- 
ments takes place. In later experiments, Floyd, Medes, and Wein- 
house (106a) also found that lalieled acetoacetic acid, incubated with 
kidney homogenate, but poisoned with did not diminish their 
C** content, as would have been exjicct ed in the case of an equilibrium. 
The differences may be due to experimental conditionh, but require 
further investigation. 

Aectoaeetic acid will slowly form acetone and carbon dioxide spon- 
taneously. This is the reason that acetoacetic acid and acetone are 
excreted in ketonuria and diabetes, in addition to /9-hydroxybutaaoic 
acid, which is the reduction product. Creatinuria always precedes 
ketone body formation by a short interval (34), an observation which 
has os yet remained unexplained. 

It appears that once acetone has been formed, it no longer can lie 
reeaiboxylated to acetoacetic arid, as was shown in experiments in 
which acetone was incubated with C'^Oj in the tissues (279). Tliis is 
in contrast with the reassimilation of carbon dioxide by pyruvic acid 
to form oxalacetic acid, which Wood and Werkman have reported 
(315). Krauel and Clibsoii (157) report that muscle and liver tissues 
will not cause added acetone to disappear in mtro) Winklhofer (31 3). 
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on the other hAnd, waa able to observe a sli^t disappearaiuse of ace- 
tone and of other methyl ketones from hvci and other organ slices. 
He also observed a partial reduction to secondary alcohols, such as had 
been previously observed by Neuberg and Nord (219) in yeast. 
Erusius (163) reports that starving rats fed 8 g. acetone per kg. body 
weight excreted only 20% of the acetone in the urine, but excreted 
large quantities of ^-hydroxybutanoic acid. It may be that part of 
the acetone disappeared through respiration in the lungs. 

It is possible that some acetone is oxidized to acetic acid, as Thier- 
felder and Daiber (284) observed tliat ingested acetophenone was 
excreted partially reduced to a secondary alcohol, and partially oxi- 
dized to benzoic acid. Folonovski and Valdiqui^ (225a) observed the 
formation of acetic acid from acetone in adrenal extracts. The oc- 
currence of excess /3-hydroxybutanoic acid in the urine following the 
ingestion of acetone con only be explained if we assume that acetone 
is oxidized to acetic acid, which in turn is recondensed to acetoaeetic 
acid with subsequent reduction, unless, of course, it is liberated else- 
where as a result of the presence of acetone. The formation of acoto- 
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acetic acid in intermediary metabolism occurs in a clinically important 
disease, dialietes, which is characterized bydefoctivesugarmetabolism. 
According to various reports (64a,227a,230), dialietcs is essentially a 
disturbance of the phosphorylation of glucose to glucose-l-phosphoric 
acid estci (the Cori ester). For this reason the fonnatiou of ketone 
bodies has long beim a subject of cUnical and biological investigations, 
yet remaining luitil recently one of the most obscure biochemical 
problems. 

Magnus-Levy (194) suggested in 1899 that fats are the principal 
source of ketone bodies. J^bden and Isaac (81a) and Embden and 
co-workers (82-85) were first to observe that, when liver is diffused 
with even-numbered fatty acids, ketone bodies are formed, wliile 
fatty acids with an uneven munbor of carbon atoms do not form them. 
The same thing was observed by Deuel, Hallman, Butts, and Murray 
(71) and by Krainick (15Ga). These experiments contrast with ob- 
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BOTvations of Jowctt and Quastel (138) and Edson (75), who found 
that fatty acids with an odd number of carbon atoms, such as valeric 
acid, hcptanoic acid, and nonanoic acid, also produce acetoacetic 
acid, that is, they split off carbon dioxide and form acetone; this is 
not true, however, of propanoic acid. Investigations of MacKay, 
Wick, and Bamum (193) support the findings. They fed fatty acids 
with an odd carbon numl)er to starving rabbits and observed the for- 
mation of ketone bodies. They suggest that the contradictory results 
obtained by Deuel et al. were due to the fact that the doses of fatty 
acids fed by these authors were too small. Leloir and Mufioz (181) 
were able to explain these discrepancies. They claim that, when 
they incubated liver sections, acetone was formed, but that each of 
the following acids incurred losses as follows: foniiic acid, 1.5 parts; 
acetic acid, 5 parts; propanoic acid, 2.0 parts; butanoic acid, 9 
parts; pentanoic acid, 2.1 parts; hcxanoic acid, 6 parts; heptanoir 
acid, 3 parts; and octonoic acid, ii parts. Odd-numbered fatty 
acids may also form acctoacetic acid, but to a lesser extent than even- 
numbered ones. Since both odd-muubered and even-numbererl fatty 
acids con undergo either simple or alternating jS oxidation, os has been 
shown by the experiments of Kiioop, Verkadc, Flaschentrager and 
Bernhard, it is difficult to imderstand why the twn-earl)on fragments 
from odd-numbered fatty aeids which result from j9-oxidation cannot 
just as well condense to acctoacetic acid in the liver as those derived 
from even-numbered fatty acids. 

All work on ketonuria has been carried out on animals fed a diet 
low in carbohydrates since the addition of carbohydrates will suppress 
ketonuria. This may be due to the fact that glucose will lead to the 
formation of oxalacetic acid, which will condense with acctoacetic 
acid, forming citric acid or one of the C«-tricarboxylic acids in equilib- 
rium with it, and thus will result in the elimination and oxidation of 
acctoacetic acid. 

When fatty acids with on odd number of carbon atoms in the mole- 
cule axe broken down by P oxidation (scheme G4), propanoic acid is 
formed automatically as the last fragment; propanoic acid then is 
converted to pyruvic acid, or glucose, by the only a oxidation known 
to occur in tissues (29,114,237). Pyruvic acid is known to be able 
to add carbon dioxide in the liver with the formation of oxalacetic 
acid (94,95,316) and thus may act as an antiketogen, in accordance 
with Breusch’s theory. The fact that there is heavy ketone formation 
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witii eveD-numbered fatty acids and little ketone foimation if the 
fatty acids have an odd number of oarbone can be ^cplained by the 
experimental conditions themselves. The formation of ketones from 
even-numbered fatty acids has nothing to do with the catabolic 
mechanism of either even-numbered or odd-numbered fatty acids, 
for, after all, no known experimental data in the biochemistry of the 
catabolism of fatty acids would tend to support such differentiation, 
particularly since the difference occurs solely when the diet consists 
only of fats, and not of a mixture of carbohydrates and fats. It 
should be recalled that during the war the population in Germany 
ate thousands of tons of mixtures of fatty acids which had been ob- 
tained from the oxidation of paraffins and which consisted of equal 
mixtures of even-numbered and odd-numbered fatty acids; yet this 
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did not result in any measurable changes in their metabolism (see 
235 for a discussion of the compodtion and 158 for a discussion of the 
biochemistry of these fats). 

According to experiments by Appel, Bbhm, and Keil (7), the inges- 
tion of large quantities of fatty acids with an o<ld number of carbon 
atoms wUl result in the acrumulation of depot fat which contains up 
to 30% fat ^th an odd number of carbon atoms without causing any 
disturbance in metabolism. Keil, Appel, and Berger (145) syntheti- 
cally lengthened the chains of a mixture of even-numbered fatty acids 
derived from coconuts by one carbon. They thus produced odd- 
numbered fatty acids, and from these were made triglycerides. 
These two types of fats were fed to two groups of rats; it was found 
that the respiratory quotients, the iodine numbers of the depot fats, 
and the carbon to nitrogen ratios in the urine were identical in both 
experimental groups. Knunerich and Nebe (8G) of the Thomas In- 
stitute confirmed this work. All triglycerides, regardless whether 
they have an even or an odd number of carbon atoms in the chain, 
behave identically in the presence of pancreatic and serum lipases 
according to Kabelitz (141). 

It should be pointed out in this connection that some of the paraf- 
fins produced synthetically contain about 2(' ix'r rent of branched 
fatty acids which, in view of present-day knowledge of the tuberculin 
fatty acids, can no longer be considered harmless. Such branched 
chains are found in paraffins produced from carbon monoxide and 
hydrogen according to the Fiscber-Tropsch-Gntsch process, but nut in 
hydrogenated paraffins derived from lignite. Floesner (lOG) claims 
the former type of fat is harmless. Thomas and Weitzel (288) con- 
tradict him, pointing out that branched fatty acids can undergo u 
oxidation particularly easily (see equation 41, page 378) and thus 
may lead to diaccturia, and hence may not be liarinless for the kidneys 
in the long run. When synthetic fatty acids derived from lignite par- 
ofiins are administered, no diaceturia occum, since tliey contain no 
branched fatty acids. Thomas and Weitzel ako point out that the 
s 3 mthetic glycerol required in the artificial esterification of the fatty 
acids synthesized from paraffin also contains toxic constituents which 
can only be removed by repeated purification and which must be re- 
moved if synthetic fats are to become a suitable food for general con- 
sumption (see also reference 7). 

It is quite probable that some pyruvic acid too is catabolized by 
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way of the condensation reaction of acetoaoetic acid and oxalacetic 
acid to citric acid (or cis^onitio acid ^ isocitric acid), since pyruvic 
acid is changed to acetic acid by the animal as shown by Gurin, Del- 
luva, and Wilson (116a). 

Although acetoacctic acid is formed in the liver from pyruvic acid, 
t.c., carbohydrate, by way of acetic acid and a recondensatiou, no ke- 
tone formation takes place in the animal, since oxalacetic acid is 
formed from pyruvic acid at the same time. P 3 rruvic acid adds 
carbon dioxide, according to Wood and others (94,315-317), and 
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acetoaretie acid thus is eliminated immediately. If there is a pro- 
nounced excess of pyruvic acid, the formation of acetuacetic acid 
appears to proceed more rapidly than carboxylation to oxalacetic 
acid, with the result that ketone bodies arc formed (111), particularly if 
an excess of ammonium ions is present (5). These observations re- 
quire further clarification. Hrentano’s (34) observation that every 
ketonuria is preceded by creatimmia should be called to mind in this 
connection. 

We thus see that oxalacetic acid has a key position in the catabo- 
lism of fatty acids and probably also in that of carbohydrates. Un- 
less other, yet imknown, enzyme systems are involved in the eUniina- 
tion of the two-carbon fragments resulting from the degradation of 
the fatty acid molecule, oxalacetic acid is absolutely essential for the 
removal of acetoacetic acid, the unavoidable intermediary product of 
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the liver. No other means is available to the animal orftamsm for 
omdising acetoacetic acid in larger quantities. If oxalacetio acid or 
pyruvic add, its precursor, is absent, or if an insufficient amount of 
oxalacetio acid is synthesized from pyruvic acid, acetoacetic acid 
and acetone have to be excreted in the urine. 

Thus only those substances have antiketogenic action which can 
provide oxalacetic acid to the healthy animal. These are: {^ucose* 
psrruvic acid, lactic add, alanine, but not acetic acid, ethanol, acetal- 
dehyde, and glycine (246). 

We therefore see that Rosenfeld’s old slogan (241) that “the fats 
bum in the hre of the carbohydrates'’ is partly justified; they bum 
under the catalytic influence of oxalacetic acid, which is formed from 
glucose by way of pyruvic acid. 

Oxalacetio acid and /-malic acid suppress 0-ke1o acid formation, 
as was shown in liver incubation experiments (81), while fructose 
increases the rate of elimination of acetoacetic acid from the liver 
(76). The addition of lactic acid and of glucose increases the rate of 
acetoacetic acid catabolism in the kidneys by 15 to 30^, (137). 
Liver tissue containing little glycogen will form many ketones from 
fatty acids, while liver tissue containing much glycogen will form very 
few ketones (24). SuomaUunen and Kinnunen (277) report that the 
addition of Ci-dicarboxylic acids reduces the tn vitro acetylation of 
amines. 

The formation and excretion of ketone bodies thus is not based on 
any basic metabolic changes, but more on a shift of enzyme rapaci- 
ties. According to Blixenkrone-Mdllcr (23) even rliabetic, pancrea- 
tectomized cats oxidize of about 5 g. of ketone bodies formed 
daily in the liver and excrete only 400 mg. 

Because of its role in the clinically important dibease diabetes, 
too much emphasiti has been placed on ketone body formation. 
In his review of 1937 Sinclair (250) questions the value of considering 
the formation of ketone bodies os a measure of biochemical reac- 
tions. He feels that too many variable factors in perhaps ten to fif- 
teen different enzymes are involved in the formation of ketones, pre- 
cluding the possibility of calculating the temporary effect due to any 
substance which might have been fed or administered. 

It is shovm ikal the formation of ketone bodies from evenrnumbered 
faUy adds in starving anvnwds is probably due to the inadegitate for- 
mation of oxalacetic arid which is required for the oxidation of ketone 
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hodiu hy vay of the CrIrioarboxyHc add oyde, OfokuseHe add it 
formed from pynidc add through carhoxyladm, pyruvic add bdtig de- 
rived from ghwoee. An aninuA on a normal nutritional level unU ex- 
h‘3nt no d‘^&reneea in ite metdbolim of even- and oddnumbered fatly 
adds. In Ae darning animal, oddnumbered fatty adde reeidt in al- 
moet no ketone formation, in contrad wffi evennumbered adde, dnoe 
their last fragment of oridatian is a three-carbon chain which forme pyru- 
vic add. The latter in turn adde earben dioxide and forme oxalaeeHc 
add, whidi prevente the formation 0 / ketone bodiee. 

XII. Function and Interaction of Varloui Organs Involved 
in Fatty Add Catabolism 

The vsrious organs of the body of warm-blooded animals have 
chemically different mechanisms of the catabolism of fatty adds. 
These mechanisms are complementary in nature. 

The liver, being the prindpal organ of metabolism, apparently has 
to initiate the degradation of fatty acids. The rate of the metabolism 
of fats in the liver is particularly high. Thus, according to Hahn and 
Hevesy (118), administered phosphate containing radioactive phos- 
phorus is incoiporated into phosphatides particularly rapidly in the 
liver and in the intestinal mucosa (7a) ; the same is reported by 
Sperry, Waelsch, and Stoyanoff (261) for fatty adds containing deu- 
terium. Similar experiments carried on with the metabolism of fat 
in the brain have shown it to be particularly low. The lungs too can, 
for all practical purposes, be said to be inactive in the metabolism of 
fat (245a and 269). The half-life of deuterium-oontaining fat fed by 
Stetten and Grail (267) was only 2.6 to 2.8 days in the liver, or shorter 
than in other organs or in depot fat (5-6 days). Neverthdess, deu- 
terium-containing fat which has been ingested makes its first appear- 
ance in the fat depots and only later enters the metabolic process as a 
whole (244). Liver phosphatides have a higher deuterium content 
than triglycerides (77). At starvation levels the lower fatty adds 
(lauric add) of the depot fat are broken down somewhat more rapidly 
than the higher ones (189). 

The cells of the liver, rich in lipides, are able to convert the fatty 
acids to water-soluble two-carbon fragmnits. The liver accom- 
plishes degradation of fatty adds mainly by alternating 0 oxidation 
(equation 14, page 358) . The two-carbon fragments in turn ore con- 
verted to acetoBoetic add and ^-hydroa^butandc acid. No other 



410 


F. L. BRBU8CH 


organ is capable of bringing about alternating j9 oridation (49)’. No 
infonnation is available as yet concerning bow far phosphorylations 
ore involved in this process. 

The intermediate step of fatty add catabolism is not through fatty 
acids of medium chain length. This opinion is in accordance with 
experiments of Appel, Bohm, Kcil, and Schiller (7). Upon feeding a 
mixture of 50% odd> and 50% even>numbered fatty acids having a 
chain length of C> to Cn, these investigators found, in the milk and 
in the body fat, 25% odd-numbored fatty acids of chain length Cn 
to Cia, whereas low fatty acids were composed exclusively of C6 and 
Cb and contained no C? or Cb. 

The liver has only a limited capacity for further reducing acetoace- 
tic acid to jS-hydroxybutonoic acid (1 10, also the diffusion experiments 
of Snapper and Griinbaum, 255,257; of Chaikoff and Soskin, 58; 
Himwich, Goldfarb, and Weller, 126a). Acetoacetic acid and j9- 
hydroxybutonoic acid, the end products of fatty acid catabolism in 
the liver, have a high energy content and are readily soluble in water, 
and thus can enter the circulation. According to Crandall, Ivy, and 
Ehni (65a), the blood concentration of ketone bodies is 0.5 to 1.4 
milligram per cent; according to Agrcll (la), 2.8 to 3.2 milligram per 
cent, and according to Krautwald (i58a), 0.35 to 3.5 milligram per 
. cent. In hunger or after fat ingestion, the concentration increases to 
8 milligram per cent. A hungry dug forms daily 21-34 g. ketone 
bodies, of which only 1 % is excreted in the urine. These intermediary 
products then are completely oxidized to carbon dioxide and water in 
those peripheral organs which use up most of the energy, that is, the 
muscles (mechanical work) and the kidneys (work of concentration 
and resorption). This final oxidation proceeds by the tricarboxylic 
acid cycle descrit)ed by fiteusch and Wielond and Rosenthal (equa- 
tion 60, page 397) . Only muscle and kidney tissues catabolize aceto- 
acetic acid in any large quantities (23,70,77,115,255,257). This agrees 
with the findings of Breusch and Keskin (41), who found that 
muscle and kidney contained large quantities of the enzyme B}rstem 
called “citrogenase,” while the liver contains only small quantities. 
This is the enz}ane system which catalyzes the condensation of oxal- 
acetio acid with acetoacetic acid to form one of the three Ca-trioar- 
boxylic acids, t.e., citric acid, cis-aconitic acid, and isocitric acid. 

There can be no doubt that muscle and kidney, and possibly even 
liver, are capable of also directly catabolizing fatty acids, but their 
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capacity to do bo is veiy small. Cuthbertson (60a) could not find 
a measurable decrease of fats in working piuscles (115). Since both 
muscle and kidney lack the enzyme system necessary for alternating 
ff Qxidationi i.e., the system (49) nec'essary for splitting the 0,6,*^ 
polyketo fatty acids (equation 14, page 358), we must assume that 
whatever small amount of breakdown of fatty acids does occur there, 
takes place by the classical route of 0 oxidation. Here the first two 
carbon atoms of the d-keto acids which are formed are removed before 
the chain undergoes further oxidation. The existence of different 
chemical mechanisms in the various organs has been shown by experi- 
ments of Knapper and Grunbaum (258). The oxidation may take 
place either through direct condensation of the /}-keto fatty acids with 
oxalacetic acid to form a Ct-triearboxylic acid, in accordance with the 
reaction scheme shown in equation 57 (page 393) which involves a 
shortening of the chain by two carbon atoms, or through hydrolytic 
splitting of the first two carbon atoms from the /9-keto acid with sub- 
sequent recondensation of two two-carbon fragments; these would 
form acetoacctic acid, which in turn would condense with oxalacetic 
acid to form a Ce-tricarboxylic acid, in accordance with equation 6U. 
It is undecided so far which of the two routes is actually taken. 

According to Breusch and Ulusoy (49), the greatest capacity of 
formation of ketone bodies (acetoacetic acid and jU-hydroxybutyric 
acid) by the liver in alternately splitting oxidized polyketo fatty acids 
is about 15U g. per kg. per day. For an adult msn of 75-kg. body 
weight with a 2-kg. hver this is about 300 g. per day. If one assumes 
a ketone body content of the arterial blood of 1.5 milligram per cent, 
or, after fat ingestion, 8 milligram per cent (la,65a,158B), and further 
assumes that in both cases the venous blood contains 1 milligram per 
cent, then, for every liter of blood perfused through muscles and 
kidneys, 5 mg. of ketone bodies disappear nonnolly, and, after fat 
ingestion, 70 mg. of ketone bodies disappear. According to Bcin 
(235a), in an adult of sedentary occupation, about 6000 hters of blood 
pass daily through the heart, of which 70% (4200 liters) passes 
through muscles and kidneys. With the passage of this 4200 liters 
of blood, 21 g. of ketone bodies disappear in a fasting body, or, after 
fat ingestion, a maximum of about 300 g. of ketone bodies disappears. 

This is in good agreement with the above-mentioned maximum 
capacity of the liver to produce ketone bodies, namely, about 300 g. 
per day. 
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300 g. of ketone bodies, considered as aoetoaoetic add, is derived 
from about 200 g. of fat. This amount also agrees closely with the 
maximum fat-resorption capadty of a normal adult man — ^bdng 
about 300 g. per day according to Rubner (242a) and Amschink (7c). 
Of the maximum quantity of resorbed fat, a part is first deposited 
visibly, so that the actual combustion capacity is lower. This is 
also in accordance with tiie clinical data derived from severe dia- 
betes, in which the maximum amount of ketone bodies excreted in the 
urine is about 120 g. daily. This 120 g. is not all the liver produces as, 
even in severe diabetes, part of the ketone bodies are metabolised 
(283 b). Therefore, the actual maximum production capacity of the 
liver is higher. To this, the amounts of citric acid are to be added 
which are already ssmthesized in the liver from acetoacetic acid and 
are either burned in the liver or transferred to the blood fur peripheral 
combustion. 

All these estimates are based on preUminary data obtained under 
different conditions. Other authors have also often dealt in their 
papers with ketone bodies, but without explaining whether they 
analyzed for acetone os derived from acetoacetic acid alone or if 
they included analyses of 0-hydroxybutyric acid. 

It u concluded that the greatest part of the catabolism of fatty acids 
in utarnirblooded animals is brought aboid by a gradual tnieradion of the 
musdes and htdneys, on the one hand, and the lii>er on the oihtr. It is 
accomplished in such a way (hat the Iwer produces acetoacetic add and 
ff-hydroxybutanoic add from fatty adds by alternating P oxidation, by 
way of Iwo-carban fragments. These acids then are completely oxidused 
in the muscles and the Jndneys by way of the Crtricarboxyhc add cycle. 
In addition, some simple 0 oxidation probably also takes place in muscle 
and kidney along with some formation of citric acid in the liver for direct 
or peripheral combustion. 

XIII. Gominoti Terminal Oxidation of Fatty Acids, 
Carbohydrates, and Amino Acids 

Oxalacetic acid represents a common point of the catabolic mecha- 
nisms of fatty acids and carbohydrates, for oxalacetic acid also is an 
intermediate in carbohydrate metabolism, acting as hydrogen trans- 
porter between the carbohydrates and oxygen. Working with this 
theory of the hydrogm transporter role of the C 4 -dicarboxylic acids 
Sseni^yfirgyi and eo-workers (280) and later Breusoh (37) were able 
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to produce much materiel that wae experimentally well founded. 
Later this work was largely forgotten, the flavin enzymes (diaphorase 
1 and 2) having been discovered which transfer hydrogen directly 
from the coensymes to oxvgen. The reduction of carbohydrates by 
oxalacetic acid, f.e., the removal of hydrogen from them (probably by 
way of coenzyme II) with the formation of t-malic acid is one of the 
most powerful reactions, from a conversion rate point of view, that oc- 
cur in the living organism. (According to Breusch (ref. 37), the re- 
ducing capacity is 2.4 g. oxalacetic acid per 100 g. pigeon muscle per 
hour.) It seems improbable that such an important chemical cellular 
process has no chief function in the main metaboUsm of the cell, the 
transport of hydrogen, except among the diaphorases. The reason 
that the significance of the role of oocalacetic acid in the transport 
of hydrogen may have been overlooked by most investigators is 
that the aizymes involved lose half of thrir activity within thirty 
minutes after the death of the experimental animal. As a result, 
most, or all, of the activity of this enzyme important in tissue metab- 
olism 'will have been lost, if the usual method of the preparation of 
tissue sections is employed. Furthermore, rats are used as experi- 
mental animab in most laboratories. They are unsuited for a study 
of this reaction, however, since the available quantities of rat tissue 
needed for a polarimetric investigation of the formed f-malic acid are 
too small. Pigeon muscle and organs of cats which may yield 40- 
60 g. for each experiment are better suited to this purpose. 

If the hypothesis with regard to the role of the Ci-dicarboxylic 
acids and particularly that of oxalacetic acid in the metabolism of 
carbohydrates proves correct, oxalacetic acid is the principal sub- 
stance required for the oxidation of both sugars and fats. This then 
permits setting up a scheme of reactions for all of the food constitu- 
ents, t.e., fatty acids, carbohydrates, and proteins (37). Every one 
of these reactions, with the exception of the position of coenzyme II, 
has been proved qualitatively. Their quantitative interaction, 
however, st^ awaits thorough investigation. 

The reaction scheme secans to be more complete, since the probable 
route of inaiiliti action in muscle seems to have be^ established 
(64a,109a,227a,236) as the transformation of glucose of blood to glu- 
cose phosphates in muscle. This reaction is necessary for the forma- 
tion of pyruvic acid from glucose, and oxalacetic acid seems to be 
synthesis chiefly from pjrruvio acid by COi addition according to the 
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W ood-Werkman roacticm. Bneding, Fazekas, Herrlich, and Blmwich 
(62b) obaatved that the blood level of pyruvic acid in dogs without a 
pancreas is not raised by glucose ingestion as noimally occurs; it is 
only after injection of insulin that this blood level of pyruvic acid — 
necessary for fatty acid combustion with the help of oxalacetic acid — 
incrimaHii- According to Brentano (31), it is insulin that effectively 
prevents the formation of ketone bodies, while adrenaline prevents 
the elimination of ketone bodies from the blood, Houssay (131a), by 
his discovery of a diabetogenic hormone in the hypophysis, has shown 
that hormonal regulations are superimposed on the biochemical reac- 
tions catalyzed by insulin. 



g-Amtno acids I | Fatty acids | | Carbohydrates; H donors 
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I. Introductloii 

Autoxidation of the unsaturated fatty adds haa long been subject 
to much investigation, stimulated a great deal by the technical im- 
portance of this process for the “drying" of paiuts and varnishes and 
in the development of rancidity in food products containing unsatu- 
rated fatty adds. 

* National Reaeareh Council Fellow in Phytdological Chemistiy, 1946-47, at 
the Miedieal Nobel Institute, Stoddiolm, Sweden. 
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The field has gained considerable interest from a biochemical point 
of view since the discovery of a special enzyme, lipoxidase, which 
catalyzes the peroxidation of certain unsaturated fatty acids with 
molecular oxygen, The enzyme acts only upon the fatty acids con- 
taining methylene-interrupted double bonds, t.e., primarily linoleic, 
linolenic, and arochidonic acid, forming apparently the same per- 
oxidic products as those formed in the ordinary autoxidation of these 
acids. It might be stressed that the action of this enzyme is re- 
stricted to the acids known to be essential metabolites for a number 
of animals (23,25). 

However, since the enz 3 unic oxidation v^ith lipoxidase goes only as 
far as the formation of the primary peroxides, mainly that phase of 
the ordinary autoxidation will be considered in this review. The in- 
fluence of various factors (catalysts, temperature) on the later stages 
of the autoxidation concerned more with the polymerization or 
“drying” process therefore will not be treated fully in this discussion. 
Also, the extensive work on the action of various antioxidants, of 
more technological than biochemical interest, n'ill not be considered. 

II. Autoxidation of Unsaturated Compounds 

It has long been known that the un.suturntion decreased during the 
autoxidation of unsaturated compounds. Tliis was taken as an in- 
dication that the primary reaction was an addition of an oxygen 
molecule to a double bond forming a cyclic peroxide, as proposed by 
Engler and Bach during the last century: 



'fhese views seem to have been generally accepted also for the autoxi- 
dation of the unsaturated fatty acids since the work of Fahrion 
(36,37) in the beginning of this century, although a compound with 
the structure shown in the above equation h-as never been isolated or 
conclusively shown to occur. Most of the earlier work (see sum- 
maries 61 and 138) was done with linseed oil or similar inhomogeneous 
natural products. Furthermore, the autoxidation was generally al- 
lowed to proceed very far ( > one mole oxygen per double bond) or at 
such a high temperature that nonperoxidic decomposition products 
predominated, rendering any conclusions as to the structure oS tlie 
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primaiy products very uncertain. Some recent authors (48,49,52) 
working with unsaturated fatty acids have supported the theory that 
the main primary product is a four*membered cyclic peroxide (see 
page 430). 

In the meantime, investigations of the autoxidation of numerous 
cyclic compounds with isolated double bonds have led to other re- 
sults. In a great many cases the primary product has been isolated 
in pure form and has always been found to be a hydroperoxide with 
the peroxidic group in alpha position to the double bond. At moder- 
ate temperatures (< 100°) or under illumination with ultraviolet 
light the product is formed according to the following scheme: 


Ultraviolet light, 
heavy- metal 

- cir,-cH-=<3n > — CH(ooH)-crT-=rir- 


Some exampleb of buch hydroperoxides that have been isolated are: 


0011 OOH 



Frogresb in this field is to a great extent due to work of Rieche 
(102,103), Criegee (29,30), Farmer (43,44,47), Hellbcrger (63), and 
Hock (06-74). The reactivity of the ce-metbylcnic group and the 
autoxidation of these compounds have been reviewed by Farmer el al. 
(38^1,43), Gee (51), and Waters (142,144,145). 

The unsaturated hydroperoxides vary greatly in their stability 
but generally decompose rapidly at lii^cr temperatures (above 100°), 
yielding a complicated mixture of decomposition and polymerisation 
products. Reduction vith such agents as hydroiodic acid, sulfite or 
aluminum amalgam in acetic add often (dveshigh yields of the corre- 
sponding a,/9-unsaturated alcohol. Heavy metal catalysts, ».e., 
ferrous, copper, cobalt, and manganese salts, various phthalocyanines, 
hemiu, etc., which speed up autoxidation and formation of these 
hydroperoxides, also catalyze their decomposition. The predominant 
reaction product is then generally the a,i9-unsaturated ketone. This 
is also the case when the hydroperoxides are treated with lead tetra- 
acetate (33) or left in contact with anhydrous aluminum oxide. 
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-COCH-CH— 


Heavy metal 
catalyeta. 
lead tetraacetate 


— HiO 


— HC(OOII)ClI^rH - 


Bulfitf. HI 
(epoxide 
lor mail on) 

^ 

-O 


-HC(OH)CH--CH- 


This explains the old observations that a,|8-unsalurated ketones 
and alcohols are scnnetinieB formed in such good yields, when un^ 
saturated compounds autoxidize, tliat the reaction can be used for 
preparative purposes (10,107,146). In the decompositions, especially 
at high temperatures, disappearance of double bonds is considerable, 
due in var 3 ring degrees to epoxide or glycol formation (pp. 429,433), 
to chain splitting at the double bond with the production of carbonyl 
or carboxyl groups, or to polymerization. Since these reactions 
proceed with different speeds at different temperatures, or with 
traces of different catalysts, the difficulty of clarifying the autoxida- 
tion process is easily visualized. 

The autoxidation of cyclic or aliphatic compounds containing conr 
jugaled double bonds seems to be of a different nature. It 1ms been 
postulated that these peroxides are formed by 1:4 addition to the 
system of conjugated double bonds foiming bix-membered rings. 
Simultaneously with the formation of these peroxides there generally 
occurs a very extensive polymerization unless special precautions 
are taken (108). Examples of monomeric peroxides of this type are 
ascaridol and ergosterol peroxide: 



For diflcuBsions of the autoxidation of the fatty auids with conjugated double 
bonds, which are used extensively in paints and variushcs beraubc of their good 
drying properties, the reader is referred to papers by Farmer (3M,40), Morrell 
(99), Waters (144,145), and HeinXnen (62). 


III. Autoxidation of Unsaturated Fatty Acids 
A MONOETIIENOID 

The autoxidation of the monoethenoid oleic acid is so slow at room 
temperature that in order to get reasonable reaction times the oxygen 
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uptake has to be speeded up with heavy metal catalysts, ultraviolet 
light, or by using higher temperatures. The eouree of the oxygen 
uptake of the oommon unsaturated fatty acid esters at 37°C. is diown 
in Figure 1 (80). 

The products formed in the autoxidation of oleic acid at lOO-lOO" 
were investigated by Skellon (109), who isolated from the oxidized 
oleic acid two 9,10-dihydroxystearic acids, a monohydroi^tearic 



Fig. 1. Autoxidation of fatty esters in air at 37* C. (1) Ethyl 
oleate. (2) Ethyl linoleate. (3) Ethyl linolenate. (4) Methyl 
aradu donate. 


acid, and a number of compounds formed by splitting the carbon 
chain. In a similar investigation Ellis (34,35) used cobaltous elai- 
date as catalyst and let the oxidations of oleic or elaidic acid proceed 
at 55-80** until 1-3 moles of oxygen per mole of fatty acid had been 
absorbed. The products contained only 1-2% fatty acid perendde. 
lie isolated up to 20% oxidostearic acid but noticed that the yield 
of epoxide was very low when no catalyst was used. Carbon dioxide, 
water, and oxalic, azelaio, suberic, octanoic, and nononoic acids were 
also identified among the reaction products. Similar results were ob- 
tained by Deatherage and Mattill (32) and by Swem ef of. (130). 
The latter used molecular distillation to fractionate the products 
formed from methyl deate oxidued at fiS" until the iodine number 
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became constant. They demonstrated that a very complex mixture 
of high-boiling polymerization products is formed at this tempera- 
ture, viith fractions with molecular weights of 1700; they also ob- 
tained evidence that a certain amount of double-bond shift had 
oecurred. 

Franke and Jerchel (48) also used a cobaltous catalyst but con- 
ducted the oxidation of methyl oleate at 37°. Even at this tempersr 
ture less than half the absorbed oxygen was present in peroxidic 
form after an uptake of 0.2 mule ojQrgen per mole ester, They 
claimed that hydrogenation of the peroxide yielded an almost theo- 
retical yield of o-glycolic groups, as might have been expected if a 
four-membered cyclic peroxide was the main reaction product. 
However, they have since then modified their original claim (49). 

Farmer and Sutton (45) used ultraviolet light to speed up the slow 
autoxidation of methyl oleate in oxygen and obtained an oxygen up- 
take at 35° of 0.1 mole oj^en per mule oleate in five hours. All 
oxygen was then present in peroxidic form. By continuous molecular 
distillation at 65-91° they succeeded in isolating substantially pure 
methylmonohydroperoxido oleate, in which the presence of the 
double bond could still be demonstrated. On catalytic hydrogena- 
tion tlie hydroperoxide absorbed tAvo moles of hydrogen and yielded 
a mixture of monohydroxy stearates, whereas reduction with alu- 
minum amalgam or hydroiodic acid (131) produced a mixture of un- 
saturated hydroxy stearates, Catalytic hydrogenation of this prod- 
uct yielded the mixture of hydroxystearate mentioned earlier: 

CTT,(C'ri,i,cnjGH=cHcn,(cn,^eCoocn, 

+Oi 

-CH= CHCHIOOH)- 


+20) 


(Pt) 


-0 




— OHiCH,CH(OH)— CH-CHCH(OH)— 

This work has been confirmed by Swift, Dollear, and O’Connor (131), 
who described the preparation of 90% pure methylhydroperoxido 
oleate by low-temperatwe crystallization of the reaction products. 
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Methyl elaidate has been ondued under wmilm- oonditione by Sut- 
ton (129), who in this ease also found the same hydroperoxide fonna^- 
ti(m. 

Fanner et al. (42) have suggested that autoxidations of unsaturated 
substances all proceed by attack at an o^ethylone group by a free- 
radical mechanism. Tho chain reaction is started by tho rmnoval of 
a hydrogen atom from an oc-methylenic positiaB followed by the 
chain cycle: 


i 

i-o- 


- + o-o- 

- + -U-L 


-UO- 
A-0- 

— dj— d/ 

d>-OH 


Through mesomerism of the supposed intermediate free radicals 
that are produced by removal of a hydrogen atom from the a- 
methylene group at either C-3 or C-11 in the case of oleic acid, there 
are four positions where the oxj'gcn can react, giving hydroperoxide 
groups at carbon atoms 8, 9, 10, or 11: 


CHi 

An. 

Ah 

Ah 


011,(ClfJ/!n.CH-(JHCH,(CHJ^'OOCU, 



Methj'l oleato 



iib 
n" . 

du (81 

d’li 

djH 

va ( 9 ) -H 

d'H 

^ lill 

d;H- 

('H ( 10 ) 

I’H 

d;ii- 

d"!!* ( 11 ) 

d'H, 

d'H. 

1 

1 

1 


That a similar double-bond rearrangement docs occur in the autox- 
idation of an isolated double bond was shown by Farmer and Sutton 
(47), who demonstrated that 1 ,2-dimethyl-l-oyclohexene yielded two 
hydroperoxides according to the following scheme: 


0011 
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However, in the case of oleate the location of the hydroperoxide 
groups hue not yet been experimentally ascertained, nor have the 
hydroxysteaiio acids formed by hydrogenation been identified. The 
observations that the oxidation of oleate (f) is autocatalytic, (;0) 
is stimulated by illumination with ultraviolet U^t, and (S) is cata- 
lysed by the addition of substances such as bensoyl peroxide which 
decompose yielding free radicals are in harmony with the free-radical 
mechanism theory. In this connection it should be mentioned that 
Gunstone and Hilditch (54,65) observed that oleate oxidation is 
stimulated by the presence of small amounts of linoleate. 

The autoxidation of method oleate at temperatures between 20 and 
120°C. has been investigated by Atherton and Hilditch (2) and 
Gunstone and Hilditch (53). The former used disruptive oxidation 
with potassium permanganate in acetone to locate the added ox3rgen. 
With pure oleate this method gives an almost quantitative yield of 
azelaic and nonanoic acids. Oxidation of the product obtained 
after autoxidation at 20° for 34 days yielded a mixture of azelaic, 
suberic, octanoic, and nonanoic acid, os would be expected if a hydro- 
peroxide formation at C-8 and C-11 had taken place. Disruptive 
oxidation of the product obtained after autoxidation for six hours at 
120° yielded proportionately less suberic and octanoic than azelaic 
and nonanoic acid, indicating that another mechanism with a direct 
attack of the oxygen at the double bond might predominale at the 
higher temperature. A similar indication is also given by the abrupt 
increase in the reaction rale of the autoxidation near 80° (45). The 
iodine number after the oxidation at 120° was very low. However, 
as the oxygen uptake was not measured in these investigations it is 
difficult to estimate how much of the primary peroxides had decom- 
posed (compare Swem el al., 130). 

Hilditch et d. (54,65) (see pp. 433,437) proposed that the isolated 
double bond might be oxidized by primary direct addition of oxygen 
to the double bond followed by a rearrangement to an uusaturated 
hydroperoxide: 


— CHiCH=CH 1 ^— CH, CH-Cil > 

: I 

0 — 0 


CH— 

nod) 


A similar rearrangement of the epoxide ring has beuu observed (page 
434). In the case of oleic add this mechanism should yield only the 
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^ and lO-hydroperoxides but no 8- or 11- as postulated by Farmer 
et al. 

Jn ocnmeotion with the mechaiiiBm proposed by Hilditoh it should 
be pointed out that in many instances the oxygen appears only in the 
alpha position to the original double btmd (see cholesterol, etc.). 
However, Farmer et al. have discussed the possibility that the chain- 
initiating radicals mi^t be fonned by the addition of oxygen to a 
double bond (see page 437) and that these radicals could then start 
the chain reaction involving o-methylenic hydrogen atoms. 

For the autoxidation at hi^ temperatures which seems to involve 
more destruction of double bonds Waters (144) has proposed a dif- 
ferent mechanism based on the observation that hydroperondes de- 
compose thermally yielding hydro:^! radicals. These radicals do not 
seem to be able to break the C — H bond but apparently add to the 
double bond; 

Cluun atartma; ROOIl ' ■ ■ » RO- + -Oil 

AtUck on double bond: — C3H=CII— + -Oil ► -CHgil— 

(!)H 

This is then followed by short autoxidation chains giving two tjrpes 
of hydrojieroxides which generate free hydroxyl radicals once more: 

— engn — ciicii— 

Ah iiA Ao. 

— CII— CH— + — CH,CH«CH ►— CU— C’H- + — C!mJll-=CII - 

All Ao- All Aoir 

|-H0» 

-('IK^H— ClI— 
AoH etc 


Other chain-breaking reactions would explain the occurn'oco of epox- 
ides and o-glycols in autoxidation products: 


— cngH— 

J,., + 


— CH-CH— 

An 


" An 


-Oil— CH- 

+ HOH 
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Further oxidation of thene products could then cause chain fission at 
the site of the original double bond. 

Recently Hickinbottom (64) has found that an epoxide readily re- 
arranged to an unsaturated alcohol: 

(CH,bt'H-C(CH,)2 ► (CH,)4CH01IC(CH2)=CH, 


Furthermore, Karrer's work (88) on the polyene epoxides shows the 
great reactivity of certain epoxides: 


\--cu=CHC=cn- 

Cllg 


tTMB 


f aeid^ 



These illustrate some new possibilities for secondary rearrangements 
in the autmddation products. 


B. POLYETIIKNOID, METHYLENE-INTEllllUPTED 

Earlier Avork on the aiitoxidation of the iinsaturoted fatty acids 
containing methylene-interrupted double bonds will not be reviewed 
here, Tlie rt'cent discovery of the double-bond conjugation asso- 
ciated with the first step in the, autoxidation of these compounds 
makes many of the analytical results (iodine number, refraction) 
difficult to interpret (48,49,52,137). 

In 1943 Farmer and Button (46) observed that the autoxidation of 
imeonjugated fish oil acids was accompanied by an increase in the 
absorption in the ultraviolet region at 230-240 m/i. The same ob- 
servations had been recorded earlier, although the incri'used absorp- 
tion had not been connected with the autoxidation (34). Farmer, 
Koch, and Sutton (42) then showed that in the earlier stages in the 
autoxidation of methyl Unoleate and methyl docosahexaenoate a 
strong absorption band at 234 mp appeared and increased parallel 
with the oxygen uptake and the peroxide formation in the earlier 
stages of tlie autoxidation. Hiey explained these findings by assum- 
ing tliat the autoxidation takes place according to the free-radical 
mechanism proposed earlier by Farmer (42). The most reactive 
place would be the methylenic group between the double bonds at 
C-ll and C-14 in the case of linolcnic acid. Abstraction of a hydro- 
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gea atom at one of those methylene groups would yield a free radical 
that would be stabilized throu^ resonance with the three contribut- 
ing structures a, b, and c: 


(9) CH 

dJH 

<I3H 

(10) Ah 

-H Ah 

iH 

(11) CH, 

^ Ah- ' 


(12) Ah 

Ah 


(13) Ah 

Ah 

1 

ha 

1 

la) 

(t) 


in 

in 

L 

ca- 

lc-. 


The radicals then react with oxygon in radical cycles as indicated 
earlier (page 431) yielding hydroperoxides. 

The detacliment of a hydrogen atom from the central methylene 
group of a 1,4-diolefin should be considerably easier tlian the removal 
of a hydrogen atom from an ordinary o-mcthylene group by virtue of 
the greater n'sonance energy of the former radical. Orr has calcu- 
lated the resonance energies to be 30 and 19 kg.-cal. per gram mole, 
respectively. This appears to be the main reason for the higher rate 
of autoxidation of the 1,4-diolefinft. The canjugation of the double 
bonds can only take place when the double bonds are separated by one 
methylene group. No conjugation is observed in the autoxidation of 
squalcne or natural rubber, where the double bonds are separated by 
two carbon atoms. 

In agreement with this, Holland and Koch (21) found the same 
double-bond conjugation to occur in the autoxidation of ethyl lino- 
leate at 45‘’C. They found a molecular absorption cocflhnent per 
absorl)ed oxygen at 231.5 mp of 22,700 in the beginning of the reaction 
when all oxj'gen was still present in peroxidic form. One mole of 
methane per mole peroxide was evolved in the active-hydrogen deter- 
mination according to Bollond (16), taken by these authors as evi- 
dence that the peroxidic oxygien was entirely in tho form of hydro- 
peroxido groups. If hydrogen abstraction had occurred only at C-11 
and if complete conjugation had taken place in every oxidized mole- 
cule, a molecular absorption per absorl>ed oxygen of about 30,000 
would have been espected (89,106,141). They e:q)lamed the low 
observed extinction by assuming an incomplete reorrangemmit of 
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the double bonds in the inteimediate radicals (435) resulting in ap- 
proximately 70% conjugation. 

18 12 11 10 D -H. 

CH,(rn,)4CH«=ClMJH,CH=CH((3II,),COOCH, ► 

* Methyl liui>leat(‘ 

— ch=»chch==ohCii — (3ii=cucn--=CHCH(OOH) — 

(a) +H tit) 


— ch==chChch =-.cn 
(ft) 


-tij=-rn(’n(()oii)cn^'H- 


+ 8Hi 


— 6hch-=chcii-=(;ii » -('ii(ooii)(jir=K3iicii--=.(’ii — 

(«■) 

OH,(cn,),cii(oii)(oiT,)TCOocii,, oii,(CH,).cii(Ofn(cnj),coc)rH,, 

9-Hydroxy struratp 1 1-Hydroxy stearate 

()H,{Cn,)4Cll(OIl) (CH,)„COOCH, 

1 3-IIydroxy stearat e 

Independently Rergstrom (11,13) and Holman and others (70, 
Sl-83) had made the same observations of spectral changes in con- 
nection with the autoxidation of liuoleate. Bergstrom furthermore 
had hydrogenated the product obtained after autoxidation of methyl 
linoleate at 37°, and isolated and identified 9- and 13-hydroi^ stea- 
rate by chromatographic separation on alumina. In order to facili- 
tate the identification work Bergstrom et al. (14) syntliesized the 
complete series of the seventeen isomeric monohydroigrstearic adds. 
The stearates occurred in comparable amounts and constituted to- 
gether the main reaction products of the hydrogenation. However, 
no 11-hydroxy isomer was found, although small amounts may have 
escaped detection, but there was always a certain amount of higher 
oxygenated compounds present. When samples of autoxidised lino- 
leate with different oxygen content were hydrogenated there was al- 
wa3rB foimd about 0.2 mole of o-glycolic groups per mole oxygen ab- 
sorbed in determinations witli lead tetraacetate. Since all absorbed 
oxygen was present in peroxidic form, this could either indicate that a 
certain percentage of the primary hydroperoxides was reaiianged 
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during the hydrogenation or that other reactiouB had already tdken 
place in the early stages of the autoxidation, involving addition to the 
newly formed conjugated double bonds that would cause a decrease 
in the ultraviolet absorption. That a certain amount of secondary 
reactions does occur even in the earliest stages at various tempera- 
tures (40, 60, 80, and 100°G.) is diown by the work of Lundberg and 
Chipault (95). They found that a small fraction of the absorbed 
oxygen was not present as perordde and this fraction increased with 
increasing temperature, lliey also found that secondary products 
absorbing at 277.5 m/i were formed in proportion to the or^rgen up- 
take. Changes in the absorptioii upon the addition of alkali indi- 
cated that they were largely ketoiuc (81,82). See page 449. 

Bollaud (17) and Holland and Gee (18,19) have made a careful 
kinetic and thermochemic^ analysis of the earlier stages of the autox- 
idation of ethyl linoleate under different conditions and all evidence 
was found compatible with the free-radical mechanism proposed by 
Farmer. Except in the very beginning of the autoxidation, the radi- 
cal chains are initiated by thermal decomposition of the linoleate hy- 
droperoxide. Kinetic evidence indicated the formation of one chain- 
storting radical from every two hydroperoxides decomposed. The 
oxygen uptake was found propoilional to the peroxides present. 
Further evidence for the free-radical mechanism is that, as in other 
autoxidations, substances that arc known to decompose and yield 
free radicals catalyze the reaction. Kobertson and Waters (104) have 
suggested a mechanism by which the heavy-metal catalysts act, 
protlucing free radicals from the hydroperoxideB. 

The mechanism by which the chains are started in the earliest 
stages might be somewhat different. It has been pointed out that 
morn likely than a direct abstraction of a hydrogen atom at an or- 
methylenic group would be tlic direct reaction of oxygen with a 
double bond: 


-I- Of ► -cugncHi— 

0 

o 

— ciignoiif— -I- — cii,CH=cn- ► 

0 

o 

-CII-^nCHi— + -C!HC1I=^ CH- 
OH 
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These t^ro radicals would then start the radical chaws discussed 
earlier, involving ct-wethylenic groups. However, the fonnation of 
a stable four-roembered ring seems veiy doubtful, and it has been sup- 
posed that such a ring closure might lead to immediate rupture of the 
carbon chain (19,40,41); 


^CJ=C<;^ +0, 



The most likely chain termination is the interai’lion of two radicals: 

tt- + R- 

R- -j- ROO- > >inaplivi‘ produris 

ROO- + ROO- *) 


Since the average clioin length in the autoxidation of linolcatc at 45° 
was estimated at 100 it is clear that no conclusions can be drawn from 
the chemical evidence now at lumd as to the chain-initialing or chain- 
breaking mechanisms. 

The wcll-kno^'n tendency of concurrent polymerization in autoxi- 
dation of olefinic compounds is also readily explained by the free- 
radical mechanism. Any of Uie radicals might add to a double bond 
resulting in dimerization tvith an oxygen bridge: 

BCHgHK' + RCli^HR' > RCHCIIR' 

0 0 ■ 

0 O 

• RCliniR' 

The probability of this addition is greatest for conjugated systems, 
agreeing witli the well-known polymerization tendency of these com- 
pounds. Furthermore a radical ran add to a double bond before 
reacting with oxygen yielding hydrocarbon polymers: 

RCJigilR' 4- RCH-^OllR' > RCHCHOligilR' 

O 0 R'R 

0 0 

» ■ 


For a Huminary of n-acdons of lliitt lyiic thu n-adcr is rrfrrn-d to the monograph 
of Price (100). 

The reaction of the 1,4 diene system with iV-bromosuccinimide and 
selenium dioxide has been investigated by Bergstrom (13a). When 
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bromosucciiumide reacts with methyl limrfeate in carbon tetrachlo- 
ride, a strong ultraviolet absorption appears at 232mfi, indicating a 
conjugation of the double bonds. On prolonged boiling the bromine 
is split off with the formation of a triene. 

Since bromination with reagents of this type shows all the charac- 
teristics of a free radical reaction, these results lend further support 
to the autoxidation mechanism proposed by Farmer. 

The discovery of the double-bond conjugation associated with the 
first steps of the autoxidation of linoleio and linolenic acids is ci un~ 
portonce for understanding the reaction underlying the “boiling’' or 
“blowing” and drying of linseed oil. When this oil, or the corre- 
sponding fatty acids, is heated in the absence of oxygen the double 
bonds are rapidly conjugated at 250°C., but prarticolly no conjuga- 
tion occurs below 200°. This corresponds to the production of 
“stand” oil from raw linseed oil when heat conjugation followed by 
polymerization occimi. With strong alkalis the rearrangement oc- 
curs at somewhat lower temperatures (180-230°). 

The "boiling” and “blowing” procedure is generally performed by 
blowing air through linseed oil at 120° with a small amount of added 
drier. Presumably no heat conjugation occurs at this temperature. 
However, the conjugation known to be a requirement for rapid and 
satisfactory drying is produced nt tills temperature by the double- 
bond rearrangement outlined above. What makes the “drying” of 
raw linseed oil so slow as compared with the drying of oils containing 
mainly fatty acids with conjugated double bonds (i.e., tung oil, oiti- 
cica oil) is thus in part the time required fur the formation of the 
primary peroxides with conjugated double bonds. 

In the lust few years our knowledge of the primary steps in the 
autoxidation of the unsaturated fatty acids has increased very much 
due largely to the work of Farmer, Gee, Koch, and associates in 
England. However, muck less is known of the subsequent reactions 
when the peroxides 'decompose yielding the complicated mixture of 
more stable nunperoxidio compouuds. Progress in this field has 
been hampered by the very difficult isolation problems involved. In- 
frared spectroscopy riiould prove of great value in tliis work. 

IV. Action of Antioxidants and Their Biological Importance 

The antioxidaniB of the phenol type (hydroquinone, pyrogallol, 
etc.) do not act by destroying the hydroperoxidic groups present (86), 
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but act throu^ interfering witii the radical chains in that they supi^ 
easily abstracted hydrogen atoms. The radicals then fonned from 
the antioxidant are not reactive enou^ to carry on the chain by ab- 
stracting a hydrogen atom from an ot-methylenic group. The semi- 
quinones or aroxyl radicals formed arc removed in pairs by dispropor- 
tionation or recombination reartions. The autoxidation is thus kept 
under control by a chain-breaking mechanisn as long as there are 
unchanged molecules of tlic antioxidant left (20,140-151). A similar 
in iii.hi».fiiHin involving the radicals is probably involved in the con- 
comitant oxidation of a number of colored organic compounds. If 
compounds like polyenes, hemin, or dyes are present in autoxidizing 
unsaturated fats, these substances are rapidly decolorized. Hauro- 
witz, Schwerin, and Yenson (60) have shown that hemin and hemo- 
(dobin, which are known to catalyze the autoxidation of unsaturateil 
fatty acids, were rapidly oxidized to colorless products if added to 
linoloic or linolonic acid that was actively autoxidizing. Yocson 
(148) found the some for bilirubin, which also acted as an antioxidant. 

Robertson et of. (105) found that thio ethers were oxidized under 
similar conditions, but in this case the peroxide itself could oxidize the 
thio ether to sulfoxide in the absence of oxygen. Similar reactions 
may be responsible for the rapid destiuclion of vitamin A, biotin, 
etc., w’hen they are kept in an oil solution that autoxidizes. Holman 
(70a) found that the destruction of carotene in oxidizing fats occurs in 
the very beginning of the oxidation of the fat. Burr and Barnes (24) 
have reviewed the destruction of vitamins caused by the presence of 
imsaturated fats in the diet. 

The destructions mentioned above seem to take place most readily 
when fatty acids of the 1,4-olefinic type (linoleic, linolenic, fish oil 
acids) autoxidize, whereas oleic acid or the umalurated fatty acids 
with conjugated double bonds show a comparatively weak action. 
Except in the cases of the thio ethers, it is not the peroxides themselves 
that cause the oxidation, because no rapid decbloration takes place 
if the substance is dissolved in peroxide-containing oils kept under 
nitrogen, lliis indicates that it is a more reactive intermediate, 
probably a free radical, that causes the rapid decolorization— in princi- 
ple, the same reaction as the destruction of the antioxidants discussed 
earlier. With the polyenes, how'ovcr, the addition of the radicals, 
infi ten d of hydrogen abstraction, might be the dominating reaction, 
the formation of cyclic and polymeric peroxides, chain break- 
age, etc. 
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Smith and Stuts (110) investigating the autoxidation of Unoleic 
acid in aqueous suspension found it dependent on copper ions. The 
oxygen uptake could be inhibited by compounds forming complexes 
with copper ions. Hydroquinune slwt had inhitutive action in this 
system but showed evidence of differing in mechanism of action from 
the copper inliibitors. In this connection it mi|dit be pointed out 
that BergstrOm (9,10) has found the rapid autoxidation of choles- 
terol in aqueous colloidal solution to b(' catalysed by copper ions and 
not by other heavy metals, indicating that copper ions have a specific 
action on autandations in aciueous suspension. 

The antioxidants also seem to play a role in the living organism. 
Dam and Granados (31) found that in vitamin-E-deficient chicks 
and rats there was on increased peroxide content in the fat of several 
organs. Tt hod earlier been shown by Burr and collaborators (8,26, 
56) that the fat from rats and hogs on a vitomin-E-defioient diet 
Hutoxidized more rapidly m vitro and did not show an induction 
period as did the fat from normal animals. The normal ermtent of 
tocopherols in the fat depots of these animals seems to be derived en- 
tirely from the diet , the tocopherols an* apparently the only anti- 
oxidants that are absorbed and deposited in this way. 

y. Llpoddase 

A. JIISTOBICAL 

Many of the early report>s regarding the enzyme system now known 
as lipoxida&e were made on what was erroneously considered to be a 
carotenoid oxidase. The bleaching of pigments by an enzyme present 
in legume seeds was first discovered by Haas and Bohn in 1627, and 
the use of soybean preparations to bleach the yellow pigments in 
wheat flour was patented in 1934 (57). This destruction of carotene 
by soybean preparations was later shown to be accompanied by the 
complete loss of its vitamin A activity by P’rey ef cd. (50). Hauge 
and Aitkenhead (59) and Hauge (58) attributed the loss of vitamin A 
activity in dri<‘d alfalfa to un enzymic factor, later shown to be lip- 
oxidase (97,98). Wilbur et al. (147) found that incorpuration of soy- 
beans in the diet of dairy cenvs led to the decrease in vitamin A activity 
of the butter produced. 

In 1932 Andr4 and Ilou (1) diK'overed a fat-oxidizing enzyme sys- 
tem in soybeans, to which tin* name lipoxidase was applied. A simi- 
lar system in white beaus was described by Craig (28) in 1936. In 
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1039 Sumner and Dounre (122) studied the ‘‘carotene oxidaee" sys- 
tem of soybeans and found that it led to the production of peroxides. 
It was shown by Sunmer and Sumner (124), and later by Tauber 
(132), that carotene oxidase bleaehe.s carotene only in the presence of 
uxiduinK fat, and that the ensyme is really an unaaturatcd fat oxidase 
(126). 

Thu Hubaequent work on lipoxidaae will be diwumed as it is relalod to the topics 
to Im tn‘ated in this n.‘virw. For detailed reviews of the early work on lipoxidase 
with impure preparations, the reader is referred to the paperb of Stillniann (114) 
and Jcseski (87). 

B. DISTRIBUTION IN NATURE 

The occurrence of unsaturated fat oxidase is rather widespread in nature. 
The demonstration of these enzymes in soybeans, white beans, and alfalfa has 
already been mentioned. Strain (112) has doteeted lipoxidase in a variety of 
legume seeds, and Kirsanova (93) has found “carotene oxidabe” in radish and 
potato juiee. Sumner and Tressler (128) reported the activities of various soy- 
bean products, and Reiser and Fraps (101) listed the relative activities of numer- 
ous varieties of beans and peas. Sullman (113) was able to demonstrate lip- 
oxidase in various pai t of a variety of plants. Extraets of leaves and rooi nodules 
of several plsiitb of the Srlannmte and Tjohialae were found to be quite active. 

Van Fleet (139,140) has studied the misuturated fat. oxidase sys- 
tems in several plants using histoehemieui techniques. Hr reports 
that the oxidase activity is high at the seedling stage in plants grown 
on an alkaline medium, and that the oxidase is activated in regions of 
the plant that are neutral or alkaline, where water loss takes place, 
below wound surfaces, or where antioxidants ore inoffective. 

A study of the relationship between lipoxidase activity and fat 
composition in germinating soybeans has recently been made (77). 
The results indicate a decrease in lipoxidase actmty after the second 
day from planting. Simultaneously, a preferential decrease was ob- 
served in the linoleic and linolenic acid contents of the fat. The de- 
crease in enzyme after the initiation of the substrate oxidation may be 
caused by the inactivation of the enz 3 rme as a consequence of its ac- 
tion, a well-known phenomenon in vitro. It may also be that the 
lipoxidase functions in initiating the autocatal 3 rtic oxidation of the 
linoleic and linolenic acids. 

The presence of imsaturated fatty acid oxidases in animal tissues 
has been indicated in a few' cases. Banks (5,6) demonstrated a heat- 
labile system in herring muscle which stimulated rancidity in tlie her- 
ring oil. Subsequent unpublislied work by Banks (7) indicates that 
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this uxidase action involves hemin proteins and that their properties 
are quite unlike those of lipoxidase, having their optimum activity 
in the emulmfied systems existing at low pH values. The system 
encountered in fish tissue Las properties parallel to thoee of in vitro 
accelerated oxidation of linoloate in the presence of hemin (6). Lea 
f94) similarly demonstrated an oxidase system in pig muscle which 
accelerates rancidity in the fat and is most active at pH 4^. Recent 
nork by Watts and Peng (I45a) indicates that lipoxidaBe activity of 
pig muscle extract is due to its hemoglobin or myoglobin content.* 

Hove (84) found that rat liver and gastric mucosa contained an un- 
saturated fat oxidase, but intestine and ra\iscle were inactive. Ex- 
tract of gastric mucosa retained its activity at pH 3. Stillman 
(121) has demonstrated strong unsaturuted-fat oxidase activity in 
^triatcd muscle of the rabbit. Bns'klesby and Rogers (22) reported 
tlnit an extract of salmon liver destroyed 200 units of vitamin A in 45 
rainiiteh at room temperature, indicating the probable presence of an 
iiiiMat.urated-fa1 oxidase. None of these animal luisuturated fat 
oxidas(‘ systems has been well characterized as yet, nor have ahy puri- 
fications be<*n rejjorted. It is still not clear whether unsaturated fat 
oxidases play a significant role in animal metAbolism. 

Without doubt animal tissues contain catalysts fur tlie peroxidar 
tion of linoleic acid, but no evidence to date indicates that the system 
involved is identical to soybean lipoxidase in its action. On the con- 
trary, the meager evidence avails Vde points to the agency of some iron- 
containing system. 


(’. SUHSTRATK bPECTFICITV 

It has been reported that lipoxidasf' can use as substrates those fatty 
acids or esters in which tt double bond exists in the 9,10 position 
(111,112,12.5). Many of these and other tests (116,120) leading to 
conclusions regarding the substrate specificity were made on impure 
substrates, confusing the rcsiUts obtained. 

Using purified fatty acids and esters Holman and Rurr (78) found 
that lipoxidase in crude extracts attacked linoleic acid, linolenic 
acid, their esters, and methyl arachidnnate, and Holman and Elmer 
(80) showed tliat linoleute, linoleuatc, and arachidonate were oxi- 
dized at the sam(‘ rate. From this work it is apparent that the pofd- 

* Beucr (100a) hat. prepared hcnioglubm-free extracla of swine adipose tissue 
capable of deraloruiug carotene in com oil. 
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tioD of the double bonds is not eritioal, because araohidonic acid is 
8,llil4,17-eicoBatetrenoic acid. Uouover, they did show that only 
the cis isomprs of linoleic and Unolenic acids (the natural isomers) are 
attacked. The necessary substrate structure f or attack by lipoxidase 
seems to be the methylene-interrupted, doubly unsaturated system, 
— CH=CH— CH|-CH=CH— , with both double bonds cis. The 
possibility that conjugated unsaturated systems are attacked by the 
eniyme is doubtful (78,120). 

D. STANDAIIDIZATION 

A variety of methods of assay of lipoxidase involving different 
properties has been suggested. Sumner (127) developed a method 
fur lipoxidase determination using linoleic acid suspension as substrate 
and the tluocyanate method for determination of pennddic products. 
Reiser and Fraps (101) proposed a method based upon carotene 
destruction. SQllman (113), in his measurements on plant juices, 
used the uptake of oxygen as a measure of octivitj'. (\»Kby and Sum- 
ner (27) used a lipoxidase assay in which the unit was the amount of 
cnsjnne whieh would cause th(‘ 50% dc'stniction of carotene in 300 
seconds under their prescribed conditions. More recently Hiimner 
and Smith (123) used an assay based on the destruction of bixin, a 
carotenoid dinarboxylic acid. Balls, Axelrod, and Kies (3) also us(h1 
(sarotene destruction as the basis of their assay. 

All these methods of assay are subject to considerabU* error becuur»e 
the rate of oxidation is influenced by the degree of dispersion of the 
substrate. Those methods using carotenoid deslruction are subject 
to the disadvantages that the rate of carotenoid destruction is propor- 
tional to enzyme concentration only over a narrow' range, and that a 
side reaction, rather than the primary phenomenon, is bring measured. 

A method of assay developed by Theorell, Bergstrom, and Akeson 
(134)' overcomes these disadvantages. A homogeneous substrate 
solution is used, and the products of the reaction are measured either 
Bpectrophotometrically (the conjugated hydroperoxides absorbing 
strongly at 234 m/i), or with the iron thiocyanate method. Under 
these conditions, peroxide production is proportional to time and to 
enzyme concentration over wide ranges. The details of the spectro- 
photometric methods are as follows: 

One ml. of Bubetrato oontaining 2 ing. linoleic acid in borate buffer ai pU 0 
is pipetted into the main compartment of a sid&arm teat tube. 0.2 ml. of ensyme 
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Holutiion are pipottcrl inlo the Hide arai, Ihc tulx‘ is filled with uxygt^n, and placed 
in a wat<T bath at 20 °C. The contimtH are mixed, and at the end of two iniuutoc 
2.0 ml. ethyl alcohol is added to stop the n^aclion. Thc^ mixture is diluted ton 
times with 00% alcohol, and the light absorption at 234 m/i is measured witli a 
Heckman spectrophotometer. One unit of enzyme will develop a log U/1 of 2.0 
ill one minute in the mixture (3.2 ml.) obtained after sUtpping the reaction with 
alcohol. 


K. PUHTFTCATION 

The first report of n purificiition of lipoxidase was made in 1943 by 
Balls, Axelrod, and Kies (3), who succeeded in purifying the enzyme 
115 tim(‘s uvfM- the water extract. Crosby and Sumner (27) later re- 
ported i\ sixt.yfohl purification of the enzyme. Stillman (119) was 
able to prf‘pare stable aeelont^ powders of the enzyme. Theorell, 
Bergstrom, and Akoson (133) obtained an electrophoretically homo- 
geneous prefiaration and Ihese authors (134) later reported an im- 
proved mi^thod of preparation. In th(‘ same laboratory the jiure en- 
zyme was finally isolated and eiystallized by Theorell, Holman, 
and Akeson (135,136). Tlie sueeessful isolation of lipoxidase was 
carried out as follows; 

15 ks. Ilf dcfal ted hovu flour was miH]xmded in 100 liters of 0.1 Af tux^tatc buffer 
at pll 4.5. Th(> itiholulilc mailer was removed in a basket eeiitrifuge; the ex- 
tract ua^ arl just 0(1 to pH 6.7 with aiiimoiiia; and five vrilumeH of 20% barium 
acetate, Icii volumes of aiHitunc, and (wo volumes of 20 ^/r> basic' lead a(X)tai() were 
addcMl per 100 volumes of extract. The inartlve precipitate wa.s removed in a 
large ac'parator. The inactive precipitate, formed uixm the addition of 25 g. 
ammonium sulfate per 100 ml. extract, was allowed to settle, and the active su(>cr- 
nntant fluid w'as decanted. Ammonium sulfate w*as added bo bring the ennecn- 
Iratioii to 40 g. p**r lUO ml., and the aetive precipitate was recovered. This was 
dissolved in u iniiiiinum of water and healeil to 63 °C. for five ndimU'S to precipi- 
tate inactive protein. The sufiernatanl fluid, containing 11.4 million units, was 
fractional C(1 w'ith amiuonium sulfate, and the fraction betw'een 35 and 50% 
haturatioii w'hs kept. Thia was fractiunalcd vrith alcohol in the cold in 0.02 AI 
phosphate InitTi'i' al pH 5.5, and the fraction piecipitaling fi-uni 0 to 12% alcohol 
W'liH taken. This was again fractionated with ainmoniuiii sulfate, and the frac- 
tion precipitating between 50 and 609i' saturation yielded 1.8 million units liaving 
an activity of 358 units at 280 inp. This was subjeeted to electrophoresis in the 
lai'ge Tist'lius ajiparatus, and 0.34 million unit of lipoxidase having 820 units ptT 
mg. was fli'parated. Tliis was conccMitrated and dialyzed against ammonium sul- 
fate of slowly iiici-casiiig concentration. Tin' ciizynu' crystallized out in the form 
of (M)lorl('ss idates or sheaves. Washing away the small amount of amorphous 
material with less coiK'cntrated ammonium suUato left crystals having an activity 
of 850 unil,s fx'r mg. This represents a purification of about fM'venly times that 



446 SUNB BEROBTSOm and RALPH T, HOLliAN 

of tho buffer extract, or about 150 Umee that of a water extract of wy meal. 
It ^ould be pointed out that the isolation is not strictly reproducible oh different 
batches of beans, and that, therefore, exploratory experiments are necessary to 
determine the exact method of isolation. 



Fin. 2. Cry.slalline soybean lipoxidase from ammoniiiiu 
sulfate (X1200). 


F. PROPERTIES OF CRYSTALLINE LIPOXIDASE 

The ciystalline proparatiun of lipoxidose (135,136) has been shown 
to be homogeneous electrophoretically at pH 6.0 and 7.3, and it i.s also 
homogeneous according to sedimentation and diffusion patterns. 
The sedimentation constant and diffusion constant, determined by 
Dr. K. 0. Pedersen of Uppsala, were 5.62 X 10' “ and 5.50 X 10“’, 
respectively, llie partial specific volume is 0.750. The molecular 
w’eight is thus 102,000. At pH 5.92 lipoxidase migrates anodically at 
a velocity of ju = 1.81 X 10~®, and at pH 3.97 it migrates cathodically 
at a velocity — 4.63 X 10“®. The isoelectric point is thus approxi- 
mately’ at pH 5.4, These values agree very well with a mobility 
curve made with impure preparations. 

The gbsorption spectrum of lipoxidase is that of a common protein 
with a moderately high absorption at 280 m^i (log hfl — 1.78 for 1 
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mg./ml./cm.). No evidence of a pruethetic KToup is indicated by the 
abwnption spectrum. 

Inm detormiiwtion hu not been made on the |)Ure euiyme, but the iron prennt 
in a 9t% pure Bperimen would require a molenilu' weiRht of 370,000 for one atom 
iron per nmleei^. It is thus rlem that von could not be an active part of the 
molecule. This is in agreement with tiie inhilHtur experiments. 

lipoxidaee is eoluble in dilute salts but insoluble in water. The break in its 
ammonium sulfate solubility curve comes at approximately 50% saturation. It 
IS precipitated by about 2 3 If equimolar mono- and dibasic potassium phosphates, 
and fractionation of crude lipoxidase with this medium promieea to be valuable 
in purification procedures. 

( Irystalline lipoxidasp has a pH 
optimum (76) near pH 9, but the 
activity remains high up to pH 
11.7. The temperature optimum 
lies near 30° (see fig. 3) but ac- 
tivity decreases precipitously 
above that tempt^raturc due to a 
fcraperature-accentuated inacti- 
vation by contact with either 
.substrate or reaction pi'oduct.s. 

'Fhc Qin lictwTcn 0° and 20° is 
about 1.6. Jiipoxidasc has a 
Michaelis constaut fur reaction with linoleic acid of 1.33 X 10 ^ M, 
and for its reaction with oxygen 1.2 X 10 * M. 'ITie enzyme b* 
saturated with oxygen at 160 mm. ()z pn'ssure 

(J INHIHITIOX 

Several stuiiies of the inhiiiition of lipoxidase (4,28,03,83,96,115, 
118) have liecn made, but, perhaph because of the crude enzyme prepa- 
rations and the vuriou^ coiiiiitinnh used, there is little agreement in 
the reports. Polyphenols, how ever, arc generally cunt'eded to be in- 
hibitors of the enzyme action. In studies of the action of the enzyme 
inhibitors on pure lipoxidase Holman (76) has shown that pyrophos- 
phate, fluoride, cyanide, azide, mercury ions, p-chloromercuriben- 
zoate, and diethyldithiocarbamic acid are ineffective as inhibitors even 
at high concentrations. Thus it is apparent that neither heavy met- 
als nor sulfhydryl groups are the active centers in lipoxidase. 

(»>Naphthol and o-tocopherol have been found to be moderately 
inhibitory, but it is probable that this inhibition is due to phenolic 
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antioxidant activily rather ttuin to ^rue enzyme inhibition. Sub- 
' strate competition is exhibited by elaidolinolenic acid, J.0,12-linoloic 
add, oleic acid, and octanoic add, arranged in order of decreasing af- 
finity for lipcauittse. See Rgure 4 (76). As was expected, these 
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data indicate that lipoxidiise is attracted by uusaturated centers in 
its substrates. They also indicate that there is a slight attraction 
for the saturated fatty acids. This plienomenon may liave u func- 
tion in decreasing the lipoxiduse action in the plant when the sub- 
strate concentrations are low. 

11. LIPOXUJASK AC’TlV.tTOIt 

llie work of Balls ct al. (3j and llieorell et al. on emulsified 
substrates shows that lipoxidase is activated by a polyiieptide present 
in soybean and other sources (JI2). A polypeptide having the ability 
to increase* lipoxiduse action 300% und(‘r favorable coudition.s has 
been isolated and crystallized by Kies (91,02). iTowever, in the 
single-phase sodium linoh'ate suKstrate, cry.stalline lipoxidase re- 
quires no activator. It is likely that the need for an acti vat or demon- 
strated previously is a property of the emulsion systems used, and the 
activator probably has its action through some surface tension 
phenomenon. This is indicated by a variety of evidence. 

In systems identical except for pH (and, consequently, tlie solu- 
bility of linoleic add) the activity of crystalline lipoxidase approxi- 
mately doubles when the pH is raised from 7 to 9. In unpublished 
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work Holman showed that organir solvents like ether, methyl ace- 
tate, and aeetone can, in optimum concentrations, increase the uptake 
of 03iyKen 25 to 40% in emulidon systems. Tlic maxima in the acr 
tivity-concentration curves for ether and methyl ucetate lie at con- 
centrations of about 5% organic solvent, and the activity of the sys- 
tems decreases pn‘cipitously when the water solubility of these sub- 
stances is exceeded. Kimilurly, 0.2% sodium glycocholate increases 
lipoxidasc activity 00%, and 0A% sodiiim sleurab* can increase the 
activity 75%. 'Fhe nonspecific surface tension (‘ffect shown in m 
vitro experiments may also operatic in viw where the substrate for 
lipoxidasc may exist in insoluble form, but it do(*s nut operate in a 
single-phase system with pure enzjTne. 

I. REA(TJON MECHANISM 

Bergstrom (12) and Holman (75) foimd evidence that the lipoxi- 
dasp oxidation of linoleic acid follows the same course as aut oxidation, 



Fix- 5. Effect of temperatuie on ileEiee of ronjiiKiUion »t hnuleir 
acid oMdiition i\itli liimidnsi. 


leading to hydroperoxides which niv largely conjugated (pp. 435, 
436). Recently it has been shown (15,70) that with homogeneous 
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tnibstrate solution in low concentration, at 0°C., and with pure lip- 
oxidase, linoleic acid is oxidised to yield totally conjugated peroxides. 
As the temperature is increased, the side reactions or subsequent 
oxidation or decomposition of the peroxides increase also, and the 
apparmit degree of conjugation decreases from t » 31,40U at O'* to 
23,000 at 37'* (see Fig. 5) (76). In arcordanre with the evidence now 
at hand, under ideal conditions, the mechanism of reaction might be 
as follows; 

IS IS 11 10 0 

(I) -(’lI,C'H=-(’H('lLCH-=C’HCHr- 

-11 

III) (’H,( (’HCH,— 


(Wn=(’H(;ii=-('iini('n. . — * c’ikii. 

am avi 


+0 


+ 0 


-CHiCH=rHrH=(’IICIICH . 


in 


-rii.cu(’n ^ ('H('H=-C'Hrn,^ 


,'k, 


(V) 


(VI) 


+u 


+H 


-rHjCHCn^IICH^CHrHr 


doii 


-CH,cH=rHrH=rHcnrHj 

doH 

(VII) (VIII) 

The oxidation oi Imolcic acid, once started h}’’ the enzyme, could 
continue by means of a chain loaction For example, the radicals 
V or VI could accept a hydrogen atom from linoleic arid: 


-VH,rHCH-CH(’II -(’HC'll. 

do- . 

(VI) + 


CIW’HOII -OIK’H 


don 


(VIII) 


( 1 ) 


riljC’H <’HCHl'll=-(HCH, 
( 11 ) 
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This would give rise to another radical, II, which would go through 
the same cycle. Tipoxidase may thus have its function in initiating 
the nhcin reactians by removal of hydrogen from the linoleio acid 
methylene group. For a discustdon of enzymic reactions as chain re- 
actions see Waters (143,145). 
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The carbonyl compounds detected among the oxidation products 
(75,117) produced under adverse conditions with crude enqrme are 
either decomposition products of the peroxides or products of side 
reactions induced by other enzymes pn'sent, for which Kies has found 
evidence (91). 

J. COUPLKU KE ACTIONS 

The coupled oxidation of a variety of easily oxidized substances and 
linoleic acid under the action of lipoxidase has been studied by many 
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iuvpstigatoi's. Anions ihrs(> Bub^taneois arc various carotPRoida 
(111,112), rhlorophyll (tl2), hemin (90), asrorbic add (112), and 
dyeb (112) (aeo page* 441), 

From a few data gathered on the coupled oxidation of carotene 
and linolcic acid using pun> enzj'nie (77a), it has been found that the 
amount of carotene destroyed and tlie amount of diene conjugated 
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are both propurtumal tu the enzyme I'oneenlratiun and to time (see 
Fig. (i). Thus, in this system, carotene decomposition is u good meas- 
ure of the degree of oxidation, and can be used us a measure of the 
enzyme activity. Tn studies witli both carotene and bixin (Fig. 7) it 
has been demonsliated that carotenoid destruction during the reac- 
tion is proportional to the carotenoid concentration. It will be seen 
from curves 1 and 3 in Figure 7 that, as the carotenoid concentration 
is increased, the degree of production of conjugated diene is reduced, 
uud that the oxidized carotenoid is also increased. From the slopes 
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of these two sets of curves it eon be calculated that the oxirlation of 
ODc mole of carotene prevent>s the formation of 43 moles of eonjugated 
diene, and that one mole of bixin prevents the formation of 26 moles 
of diene. 

It appears that the coupled oxidation of carotenoids, and perhaps 
other substanees, occurs as a consequence of their interruption of the 
chain oxidation of linoleie acid. The radicals V or VI may accept 
hydrogen atoms from caiotene, leading to its destructive oxidation 
and the termination of the chain reaction. The efficieney with which 
the carotenoids prevent the fumation of conjugated diene varies, 
and it is possible that antioxidants (hubstanees which can break chain 
reactions) vaiy in activity according to the affinity they have for 
the free radicals or the ease with which hydrogen is abstracted from 
them. 

Further investigation will be inquired before the mechanism of this 
enzymic oxidation of linoleie acid and its coupled oxidations in aque- 
ous solutions nan leave the realm of speculation. 
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I. Introductioii 

Snake venom is a mixture varying in composition from species to 
species. Furthermore the poisonous material from a single species, 
collected from different geographical ureas or taken from animals 
imder different physiological conditions, can show considerable varia- 
tion. 

' Several engymos have Iteen found in snake venoms, one of the most 
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poteiil MHirci'H of tliPHe biologival catalyst t>. 'Flic question arises 
whether these enzymes play a role of any importance in the syndrome 
produced by the poisons in the bitten animal. There is no doubt 
that this can be answered in the positive. But our knowledge is still 
veiy' limited. Far more quantitative data than are available today on 
the enzjrme activity of various snake venoms must be accumulated 
to add to the progress in this field. The results obtained should be 
compared with the eori'espondiug biological activities of the venoms. 
The results of the Intensified work on the pharmacological belmvior 
of isolat(‘d or piirifiinl enzymes will also help (40). But it must be 
bonie in mind that some components of the vi'iioms profoundly in- 
fluence tb* reaction mechanism of tin* others. 

In the first sections of this review , only those enz 3 mieH are fully de- 
scribeil which liave been investigated since the article of Kellaway 
appearod in 1939 (OK). In iliscusidng the biological significance of 
the enzymes of snake venoms, certain other enzymes are ctnisidered. 

In 1K81, de Lucerda described the proteolytic activity of the venom 
of a Bofhrops species (72). But even before this time the opinion was 
expressed that agents similar to the enzymes of the digestiv'e juice 
may occur in the poisons (104), 'ITie i-esidts of de Ijacerda were 
confirmed and extended by numcTOus workers. I'he investigations 
of Lamb (73), Maiiin (K5), and (’almette (101) on the coagulation of 
hlood contributed a great deni to the knovrledge of the snake A’enom 
proteases. 

Another trend ol nineteenth century origin led to the discovery of a 
group of enzymes responsible for hemolysis and similar phenomena. 
Delezenne showed that an enzyme of venoms, now' called l<‘cithinase 
A., converts lecithin to lysolecithin, the agent responsible for hemolysis 
in bitten animals (29). The same author has shown the existence of 
another group of enzymes, lie ul)served the disintegration of nu- 
cleic acids and the production of nucleosides in the presence of snake* 
poisons (30). How’ever, this and other phospliatases of the venoms 
were not fully investigated until almost twenty years later. 

ITiese resvdts and many others leil step b}' step to the conclusion 
that enzymes are more than accidental components of snake venoms. 
A comprehensive article* by 'Hous.say in 1930 (01) reviewed the experi- 
mental work on the rich enzyme pattern of the venoms, to which he 
himself had contributed greatly. But even then enzymes were not 
considered the it'al toxic principles of the venoms. During the fof- 
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lowing years mUrh experimental work was accomplitihed to elucidate 
the role of some enzymes in the production of shock, hemorrhage, 
hemolysis, and blood clottmg. Kellaway, in his sommary (rf the 
results (68), mentiuns several enzymes at length as toxic principles. 

II. ChollneBteraae 

In 1926 Abderlialden dchcribed the hydrolysis ot acetylcholine in 
the inteMine of horse and pig (1), a reaction l'oresi*pn by Dale (27). 
In the same year, in his Miidies on the transmission of nerve impulses 
by ehemicaJ subbtaiieeh, Tjoewi fuiuid that an agent present in heart 
extracts inactivated acetylcholine (77), Some years later he estab> 
lished that the enzymi'-like nature of the heart extract component was 
responsibh* for the dihappearunee of iicetyleholine (39). Stedman, 
working on horse hcniin and pig liver ehtera.ses, confirmed the high 
ueetyleholinc-ilpstroying activity of senim (120) found by Plattncr 
and co-workers some years before (106,107) Inhibition experiments 
led them to u^6ume that the ciizynii' involved was an esterase; ac- 
corduifdy they called it cholincsternhc (diK). 

t. TYPJ'JH OF (’HOLINr:MTKRAKl«: 

Since horse serum hyr^rolyzc^ not only acfdylcholine but also ethyl 
acetate and tributyrin, it could not be decided “whether one enzyme 
is rasponsible for the hydrolyMs of all three types of substrate, or 
whether different t‘nzymes are involved” (120). In the eourse of 
their .studies, Stedman and his co-workers compared the acetylcholine- 
splitting capacity of several sera and performed experiments on com- 
petitive inhibition with acetylcholine, tributyrin, and ethyl butyrate. 
.Vlthuugh these workers reached the conclusion that C'hE has a 
specific action on cholim* esters they nilmitted the probability of the 
hydrolysis of other esters, for instance, tributyrin, by the same agent. 
Contrary' to the results obtained with hiunan scnim they found a 
second esterase in horse and guinea pig sera, distinguished from hu- 
man esterase by its inseiisitivity to eserine (35). These authors even 
mentioned the possibility of hydrolysis of choline esters by the “second 
esterase.” Thus the question arose whether more tlian one enzyme 
is able to inactivate acetylcholine. 

These results indicated a relationship between the enzymic hy- 
drolysis of acetylcholine and esterase action on substances like methyl 
butyrate, ethyl acetate, tributyrin. etc. These enzymes have been 
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knonn smcp thp bpjsinninK of thin renlury and were tliorouRhly inves- 
tigated in 1920 1032 by Rona, Willstattcr, and their ro-workers and 
pupils (5) Ouing to the inadequate concept of enayme specificity 
in the thirties, these relationships sank into almost complete oblivion. 
Only Vuhlquisl published n^sulth to shov that ChE was not specific 
lor cholino esters (126) In the meantime, an enoimous number of 
farts on ChF] had accumulated (6,130). Special attention was given 
to various choline esters in their behavior tonard this enzyme, and 
to the many dozens ot subbtances inhibitmg it (7) 

The problem of (’liE specificity w us then discusM'd by Alles and 
Hawes (2,3) ITiese authoI^ noticed gri'at differences between the 
cholmesterases ot human seium and erythrocytes. Some of their 
residts are summarized in Table I I’hey did not, however, continue 
their reseoich along this Ime, and the question whethei one or two 
enzymes are involved was left unsettled Whethc'r similar differences 
could be iound in other tissues and species was also loft uiiansweied 
Howcier, a fiim basis foi fuithcr development was established and 
two methods were introduced which weie afterward extensively used 
by other woikers, namely, inhibition by high substrate concentra- 
tions, on the one hand, and degradation ol acetvl-d-methylcholine 
on the other. Shortly afterw aid, m 1942 1943, results from English 
(108), Canadian (89), and Swiss (134,147) liiboraturirs led to the final 
conclusion that at l<*ast two diffeient enzymes exist which are capable 
of hydrolyzing acetylcholine 


TABLE I 

Som. PnoFiBTjis or nir Choi imistlb&si s oi Hi m<n 8 ebtth 


\p«rD EHYrHRocYns 

Proporty 

8«rum ChL 

' ErythroDyte ChE 

Optimal pH 

R o j 

1 7 .5 to 8 0 

Activatiun bj XaCl | 

0 

+ 

Inhibition by high sub- 

0 

• + 

strate conrentiatinns 

(optimum >0 25 X 10"') 

(oplimuni 0 25 X 10~') 

HydrolyMh ol apetvl-/t- 



methylchohur 

0 

+ 

Hydroly&is of tnbutyrin 

+ 

0 


Richter and Croft (108) investigated the blood ChE of several 
species and confirmed and extended the results of Stedman and other 
workers. In the majority of the sera studied an enzyme was found 
wdiich was capable of splitting esters like methyl butyrate and tri- 
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butyrin^ but not acctylcholiiK*. This enqrme was namsd olv^esterasp 
({or the aiiphatin cetera uecd as subBtratcs). On the other hand, the 
aoetylrholine-splitting ensyme of human scrum is not specific for 
choline esters alone, since it attacks the substrates mentioned above as 
well. The ChE of human red cells appeared to be far more specific, 
failing to act on noncholine esters. From these and other results the 
authors concluded that ChE is not to be regarded a single entity. 

Experiments undertaken with other than human blood were less 
conclusive, since red cells split not only the acetylcholine, but also 
nonrholine esters. Tliis point was then cleared up by Mendel and 
co-workers (89). These authors used purified preparations of eryth- 
rocyte ChE which, regardless of the origin of the cells, were unable 
to split methyl butyrate or tiibutyrln. The lesults obtained with 
highly purified senun ChE confirmed those of Stedman, Vahlquisl, 
and Richter. 

In addition to the substrates hitherto known, bcnzoylcholine was 
found to be hydrolyzed by serum ChE, but not by erythrocyte ChE 
(87); the reverse was true for acetyl-d-methylcholine (see Table I). 
It should be borne in mind, when benzoylcholinc is used for diagnostic 
purposes, that enzymes which fail to attack acetylcholine may be 
capable of hydrolyzing the benzoyl ester (lfi,51,ll4). 

table; II 

Inhibition Expkbimknts with C'uouNBMTBBAHh or Homan Hekum, 
EariHBonrTEs, and Ubain 


Inbibitoni Per rent inhibition of ChE of 


Compound 

Conr.. M 

Senim 

Erythro- 

rytPM 

Bnin 

Pensaine' 

0.006 

04 

25 

12 

Irgamidr^ 

0.006 

46 

4 

! 8 

-i-IsopropylaDtipyrine 

1 0.002 

65 

9 ; 

1 IS 

Morphine i 

Saturated 

1 66 

76 

66 

Caffeine | 

0.006 ' 

1 

^ 4 

42 

40 


^ Nupercaino, 2-butoxy-JNr(2-diethyliuainoethyl)-cinchoiunamidB hydrochlo- 
ride. 

^ Ar>-fieneeioylBulfaiiilamide. 


ChE of doR pancreas (86) behaved very much like that of serum; 
brain ChE resembled the red cell enzyme in its action. The ChE 
from serum and dog pancreas therefore seemed to be less specific 
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and was named '*pseudo” ChE, while the enzyme of erythrocytee and 
brain reoeivi'd the name “true” ChE (89). 

Many experimente were undertaken by Zeller (131,132,134) to 
elucidate tlie mechanism of ChE inhibition. In many cases the de- 
gree of inhibition varied when Uie (unpurified) enzymes were taken 
from different tissues (131 ,132). Thus, human serum ChE was much 
more sensitive to 4-iso])ropylantipyrine than the enzyme of human 
central nervous systi^m (1'14). Working with Bissegger (147), we 
tried to throw some light on these phenomena. Some of the results 
of these investigations are reconied in Table II. 


e typ* » type 



Fig. 1. Models of e- and s-('hE (147). lllack uirrles; ester 
group; blark half-eirrlos: ensyme linked to ester grtmp; whiU^ 
eirrles: pfiaitivdy cliarged group of rholine esters, -Khitelmlf- 
cireles: negatively rharged group of ChK. (a; iioimal linkage 
of e type, (b) form of bnkage produn'd exrcssive substrate 
enncentiatjon. (e) linkage ol aeetylrholme niUi s type. (d| 
linkage of alii>batic esteis (r.g., nu'thyl Iiul 3 rrate) with s type. 


There is no doubt that the cholinesterases of human brain and 
erythrocytes are always inhibited to the same degree, while serum ChE 
usually shows very different behavior. Further analysis of the prop- 
erties of these enzyme reactions led to the assumption that two en- 
zymes are involved. Tentative models of the catalysts are sketched 
in Figure 1 (147). 

This method of determining the type of acetylcholine-splitting 
enzyme by the use of inhibitors was afterward employed in many 
laboratories. Some of the procedures now available for the differen- 
tiation of cholinesterases are summarized in Table III. 

The two enzymes were named s- and e-ChE (147). The designa- 
tions serum- and erythrocyte-ChE were deliberately avoided, since 
we knew from the beginning that the two types were present in other 
tissues as well. The letters c and s are reminders of the first source 
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(human blood) of tho reuppotivo enaympH. This notation pnableH thr 
uue of fdmilar names if new typos are found. 

There is no doubt that many of the differonces among the cholines- 
terases of various tissues cannot be accounted for by the fact that two 
types exist. Some of the variations may be due to the protein moiety 
of the enzyme involved. It is often noticed that pure em^ymes be- 
have differently in sjeverul o'spepts when isolated from different 
sources. ChE proteins may well be specific not only with regard to 
species, but also with regard to organs. 


TABLE III 

MaTllOUh OF UkTCRHINATION of ('HOUtiJSSTEBAhK TyPEH 


Rearlit>n 

B type 

e type 

Kef. Nub 

llydrolyHifl of bt^nzuylohiiliiu* 
of a«'tyl-/3-nuM hylrholino 

+ 

0 

87 

0 

4- 

2,87 

Inhibition by hii^h Huhnlratc ronriMilm- 




tionh 

0 

+ 

2,86,147 

by pynusolont^i} 

by ioral anpHtheticf* (iKTcaiuiM 

+ 

0“ 

134,147 

+ 

1 0“ 

98,147 

by hulfonamidr'K 

+ 1 

1 0“ 1 

131,132,147 

by inothylhydroxy puiiiu*ii!i 
by iriarthocsresvl phoauhaU^ 
by diiaoprouyl fluoruphiKsphaie (DFPj 
by dimethyl carbamate of (2-hydi(ixy-5- 

0 

+ 

98,147 

+ 

()« 

90 

4 

0“ 

.50 

phenylben«yl)-t rimethylamnioniuiii 
bromide 

-1- 

()«* 

S7,58 


■ Tills n‘presentf) a sensitivitv markmllv iiilerior tu thi* inliibitiim tv|X‘ as cum 
paivd with the other tyjx*. 


Studies on human, horse, and guin(‘u pig s(>rum ChE n-vealed (135) 
various degrees of inliibitioii, iliie to coiresponding aflSnities of the 
C'-hE to inhibitors (sulfonumUles, pereaine, and papaverine, a auli- 
stance used fur the first time in simihir investigations by Langemann, 
74) and to substrates, 'nii'st* stiulies tvere jM^rformeil with the s 
enzyme only. 

Hawkins and Mendel (58) foimd less inliibitioii of Plunorui ChE 
with eserine anil other amines than of human red cell ChE. Yet in 
other respects the two enzymes were more alike, so that PldTuiria. 
ChE was regarded a “true” ChE. Even gr(‘atpr difliculties of classi- 
fication were encountered when the propt'rties of snail (%E were in- 
vestigated by Augustinssun (8). In vit*w’ of these cuinplicatioiLS this 
author concluded that “the problem of the specificity of cholinesterase* 
is not solved with the hypothesis of two types of cholinesterases.” 
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As will be seen Inter on, investigation!* on ChK of snake venoms lead to 
similar ccmclusions. 

Id Table IV are sununansed amne properties of the cholinesterasos 
investigated so far. This record shows elearly that few properties 
are contnstent. Even inhibition by excessive substrate concentrations 
is not always connected with the e tjq)e; but the s type is never as- 
sociated with this kind of reaction. Possibly the substrate concen- 
tration in the e type reaction was not alw'ays high enough to display a 
velocity decrease. 

Some of the principles of nomenclature hitherto used do not appear 
adequate to classify the increasing amount of data collected. Ilie ef- 
fect of “specific” ChE is not confined to choline esters only. The 
“unspecific” ChE, or “unspecified,” esterase (97) probably is as 
specific as the other type, unless an enzyme which combines with 
more than one group of substrates is considered more specific than 
another which needs only one group. Objections w^ere raised from 
the beginning (4,76) against the terms “true” and “pseudo” ChE. 
Indeed until more is known about the action of the enzymes and of 
their in vivo substrates, a less specific nomenclature is to be preferred. 

We may conclude that more than two types of C'hE exist, each 
represented by several n'lated enzymes. 

B. MEASUREMENT, UOCURRENCE, ANIA BIOLOOICAL 
SIGNIFiatNCE OF PHOLINESTERASE 

Estimations of ChE activity by biol^ical assay of residual acetyl- 
choline have generally been abandoned (for literature, see AUes and 
Hawes, 2). The same may be said of the continuous-titration meth- 
ods based on acetic acid liberation, unless a glass-electrode potentiom- 
eter is \ised (2,48,112). The inunoiiirtric methods depend on carbon 
dioxide liberation from bi<’ju‘bonatp buffer solutions by acetic acid. 
This procedure, although lt*ss pn‘cise than the potentioinetrie nietho*!, 
is well suited for serial detenninatioiis 

In this review only few data can be pres(*uted regarding the distri- 
bution of the diff erent cholinesterases in the animal organism. An 
exception is made in the case of salivary glands and the nervous sys- 
tem, since the ChE of snake venom may interfere with Hie acetyl- 
eholine-Hplitting enzyme of brain and nenp'es. 

The different parts of brain show very characteristic ('hK values, 
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OH hab IxK'U hho^^n by Xarhmansuhn (94j, Pighini (105), BirkMuaer 
(10), and Zellpr (143) in human, elephant, ox, d(>g, and rabbit brain. 
The ratio of the activitiea diaplayed by the different parts of the brain 
is higher than 20. The highest values are enrountered in the central 
grey matter (r. g., putamen), the lowest in the cortex and white mat- 
ter. The differences are of the same order when the ratio of CJhE 
and monoamine oxidase is used for comparison (10,75). (The latter 
enzyme inaetivatt's adrenaline and other monoamines.) The e type 
is present in the brains of all species hitherto investigated (58,88,89,07, 
143,147). On the other hand, the e and s types liave been encoun- 
tered in peripheral nervous tissue (116). The e type appears to be 
pn'dominant in muscle (74). 

Nachmansohn’s work on the distribution of ChE in nerves indi- 
cates that the enzyme ib located at the neuron surface (95). A very 
high concentration of ChE is present in the motor end plates of the 
neuromuscular junctions and in the synapses. But "there is only a 
((uantitutive difference iM'twet’n axon and synapse*, the enzyme con- 
centration being higher at the synapse* where the neuronal surface 
increnses due to the extensive (‘iid-urborizalion’’ (95). 

It is tiHsumed in this review that the classi(*al theory on the role of 
ChE in the lranhmis.sion of nerve impulses in synapses and motor end 
plates is generally known. Naehmansohn proposed a new concept. 
According to this author acetylcholine is released not only at the 
nerve endings, but everywhere on the neuron surface. This is re- 
lated to the electrical changes during activity and consequently to the 
propagation of the impulse along the nerve fiber (95). 

Naturally, the e type in the'red cells can be only indirectly related 
to the mechanism of nerve action. This and other facts are consist- 
ent with the assumption of a metabolic function of e-ChE. Because 
of the complete lack of evidence regarding the true substrates of the h 
type, our knowledge ot biological role of this enzyme, which is pres- 
ent in serum, dog pancreas, human ovary (74), etc., is rather limited, 
^rhe enzyme could not be det<*cted in the serum and tissues of rumi- 
nants (51 ) . A group of Swiss w’orkers foimd that the activity of the s 
t 3 q>e in human and guinea pig sera and in rat and mouse livers is in- 
fluenced by certain sex hormones (11,128,144^146). Their results 
have been confirmed and extended by other authors (41,115). 

iSalivarj' glands contain different types of C^hE. In the parotid 
glands of (lig and guinea pig, ^r-(*hE was piesent; in the parotids of 
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rabbit and cow, e-ChE was found, but a mixture of both typp« was 
detected in dog and cat parotids (51,88,114). 

0. OCCURRENCE OF SNAKE tT-iNOM CHOLINESTERASE 

In'1938 Jynegar, St'hra, Mukorji, and (Chopra (65) fotind that oubra 
venom contains an acetylcholine-inactivating enzyme. Most of the 
earlier work on the poison ('hE was accomplished by Indian authors 
who had lai^e amounts of cobra venom at their disposal.* The 
presence of ChE in snake venom aaakenod great intei'cst because of 
the possible relationship to the neurotoxic principle of cobra poison. 
This venom is a hundred times mort' active thim the enzyme of the 
electric organs of certain fish, hitherto considered the most active 
source of the enzyme (84,96). 

ChE is found not only in cobra venom but also in the toxic secre- 
tions of Bvngttrvtt famatvs (25,47). However, the enzyme was not 
detected in the venoiti of CrotaJun lemficun (47), Eehut rqrj/?«tii« (47), 
Vipera russeUi (47,6.5), and Vipera aspiii (149). From these results 
we conclud(‘d that the pr«‘scnce of ChE may be a characteristic <lif- 
fcTcnce between the venoms of Coluhridar and Vip(‘ruiac. With this 
in mind, a large sf'ries of venonm was investiguted. .Vlthough none 
of the vip(*nds contained ChE, it uas lound in all colubrids with one 
exception: a sample of Enhydrim srhhfoita venom, which was not 
verj’’ pure and more than fifty ycais old, did not hydrolyze acetyl- 
choline. (ITie group of sea snakes to which Knhydnna scAwtoso be- 
longs differs in many respects from the rest of the colubrids.) ITie 
viperid species examined, which proved to be negative arc*: Agki^ro- 
don niokoKin, .1. piitcii'orub, BiHs anetans, B. gabonica, Bothropa 
(dfernatud, B. atrox, B. cotiara, B, jararara, B. jararacuuu, B. ila- 
prtiningap, B, nvawiedii, B. numwifera, ('rotalus adamanleus, C, 
cinereus, C. homdus, (\ Ivcaspnm, C. rubtr, ('. terriftruH, tem'JicUH 
hasUievs, (\ nrvdin, C. rmdix orvganux, Erhix carinafux, Bistrurus 
eatenatus, I’nmerexiirux gramincus, Viptra aminodytcx, T. aspis, V. 
iMpis from the D^partement du (lers (France), T’^. aspis hugyi, T. 
Idbetina, and F. ruamelU (141). 

The C’hE of cobra and Bungarus fasciaivit venom was purified con» 
siderably by fracdionsil precipitation with sodium and aimnonium 
sulfate. The increase in activity, determined by the ratio of C’liE to 

* BeoauHC it was not possible to secure a roinpleto list of the orcgmal (lapen), 
part of this eectioii lum boea reviewed from alistraetb. 
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nitrogen content of the original and of the purified material, was more 
than twentyfold in Naia nata and more than elevenfold in Bmgants 
fasciatua (24,25). Considering the high ChE activity of many colu-^ 
brid venoms (Table V), it is not surprising that these preparations are 
among the most active cholinesterases hitherto known. 

D. SOME CHARACTERISTICS OP VENOM CHOLINESTERASE 

The ChE of cobra and banded krait {Bungarus fasciatus) is heat 
labile, since crude and purified preparations lose their activity after 
being heated to 00-70 (47). The enzyme is capable of hydrolyzing 
not only acetylcholine, but also aectyl-0-niethylrholine, the ratio of 
the reaction velocities of the two substrates varjring between narrow 
limits (Table V). Unlike aGetyl-/J-methylcholine, benzoyloholine was 
not attacked. Cobra venom, on the other hand, hydrolyzed several 
noncholine esters (18). The leaction velocity is inhibited by higli 


TABLE V 

Choline'^tlrasi!. in tjil Vlnum 01! Colubmdae 


Aranthophi\ anlardiniH 
Bungarus toetuleus 
Bungai us foht ml us 
Demansia Uxhlis 
Dendraspis angiLslurps 
DentiOfiia suprrha 
Dentaoma snperba vai fioni 
highei allitiides 
Flaps torallinuH 
Nata bungarus 
Nata flava 
Nata half 
Nata mslanoh ut n 
Vam nata 


Nata nigittoUts 
Natechis scutahis 
Noiechts srutatus var mger 
NoUchts scuiatust nhite venom 
Paeudechis australis 
Pspudechts porpkyrtacus 
Sepedan haemachalcs 


Qcliib * 

"l240 

24400 

1K700 

140 

250 

11000 

3.S00 

680 

1800 

7200 

>1020 

27400 

>1.'1000 


40 

3300 

4260 

3180 

90 

140 

6750 


7080 

15300 

22000 


4000 


4740 


Qfh^B 

QmUi 

1 3 
1 () 
0 4 


L 2 


1 0 


20000- I 1 t 

I 


2400 


I 


4360 


Kill No 

141 

141 

25,47,141 

141 

143 

141 

141 

141 

141 

141 

Jll 

141 



* Qchs ~ microliter carbon diOMile per milliKiam dried venom with acetyl- 
choline. 

^ Quch ~ iniciolilpr raibon dioxide pc^i inilligiam diied venom with aeetyl-^- 
moihylrholiue. 
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substrate concentrations (153), eserine, diisopropyl fluorophosi^iate 
(18), caffeine, and morphine (143,153). Soitp of these Tesulis are 
summed up in Table IV (psfie 466). 

From these results it cmi be concluded that the elisraeleristies of 
the e type are predominant . But it was already noticed some time 
ago that cobra ChE had certain peculiarities setting it apart from 
the e type of erythrocytes and brain (153). mentioiu'd previously, 
the salivary glands of mainiuals contain either e- or s-C'hE, or a inix« 
ture of both. Therefore it cannot be ascertained whether the venom 
glands, which are homologous with salivary glands, produce the e or s 
type. 

Since cobra venom hydrolyzes several noncholinc esters, Uovet- 
Nitti suggested the name “acetylase” for the cnz>iue. But the exper- 
imental results so far reported did not make clear whether choline 
and noncholinc esters were attacked by the saiue venom enzyme. 
Recently, we have been able to show beyond doubt that this ques- 
tion can l)e answered in tin* posilivi*. The “ab-csterase" displays the 
same distribution among snake venoms the ('hK, and the ratio of 
velocities of the two substrate grou|w varies but slight ly. The degra- 
dation of noneholiiip esters is inhibited l)y esermo in the same degree 
ns aeetyleholine. Sinmltaneons addition of both sniistrates leads to a 
competitive inhibition. Fur these experiments we used ur-halogeii 
acetie acid e.stci's, wliieh iicrforined suitably in our enzymologiral 
analysis (143). 

lluntrary to the results ineiitioiied above thest* latter results point 
clearly to the s type. Tlierefore it seems to l)e im|)ussible to decide 
i^helher the venom f ’liE belongs to the s or e type. We must regard 
this enzyme as a iievi ty])e of f’liK. It may lx* w(“ll to use the name 
ophioebolinesterase, or, ^iIl^e this (’hK is jireseiit only in eolubrid 
venoms, to call it colubeicholmrsterusi* (e tjqie) (ro/wfecr = snake, 
Latin). 


III. Hsraluronldase 

Duran-Reynalb, in 1936, found an agent in snake venoms which 
enhances the spreading of dyestuffs and infectiom agents in the skin 
of ftnimaltt (31,33). I'liis author deseribed the “spreading factor’’ 
for the first time in 1928. It is present in extracts of mammalian 
testes and leech h(‘ads, many invasive bacteria, vemom of bees, scor- 
pions, and poisonous fish, and in Ankyhstoma dvod&Mdia (32). 
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Ghain and Duthie showed tlmt the Hpreudiug factor of two snake 
V'cnoms and of many other sunireH is identiral with the enzyme which 
depolymerizos hyaluronic arid (23); this has been confirmed by 
numerous Avorkers (32,91). Tn 1937 this hyaluroiiidase was detected 
in autolyzates of pneumoccH-ei by Meyer, Dubos, and Smyth (92). 
Me 3 ’er and Palmer tliree years earlier (93) hud described hyaluronic 
acid as a new tj^ie of mueopolysaceharide w'hich appears to bind 
water in the interstitial spaces and to hold ccIIb togetluT in a gtd. 
^'Hyaluronic acid, while allowing inetnbolites to pass through it, has 
the important function ol otTering resi.stanee to penetration by foreign 
matter including agents of infectious diseiises” (119). This inhibi- 
tion breaks down completely under the action of hyaluronidase. 

A. CHEMISTRY AND OtH'UHRENCJi OF HYALURONIC Af'JD 

Hyaluronic acid consists of equivalent amounts of )Y-ac(‘tyl-D- 
glucosamine and D-glucuronic acid. The basic unit sot'ms to be an 
aldobionie acid A^ith a free aldehyde group in the AT-aeetyl-D-gliieos- 
amine ])art (91). ' The moleciilur weight is at least 200,000 to 500,000 
(16,17). Fnlike the related ehondroitinsulfuric arid, the polysae- 
cliaride does luit seem to tmve a branehtMl chain. Hyaluronic acid 
occurs either free or in the form of a salt-like compound with protein, 
from which it is often difficult to s(‘parnte (91). 

Hyaluronic acid has Is'en found in the vitivous and aqueous hu- 
mors, in the umbilical cord, nucleus pul])osus, synovial tliiids, and in the 
skin (91). 

B. HYALU1U)NII)ASJS, A MIXTURE OF SEVERAL ENZYMES 

The in vitro depolyinerization of the substrate by the enzyme oc- 
curs in a sequence of several phases. In the first phase we fiud a dis- 
appearalice of clotting uith acetic acid and proteins (79); in the sec- 
ond there is a sharp drop iu vLs(*osity, and in the last phase' reducing 
substances and A'-acetyl-ii-glucosiimine are liberated. If hyaluronic' 
add is bound to proteins, the linkages with the proteins have to be 
split iu the course of this M'quenee of reactions. It seems unlikely 
that all steps of depolymerization an' aecomplislu'd by the same en- 
zyme. It has been claimed tliat two enzymes have been obtained 
by the fractionation of hyaluronidase (.IS). The first, called niuco- 
polysaecharosf', depolymerizes the substrati' to the stage of aldobionie 
acid; the second, mucooligosaccharase, is said to split the aldobionie 
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acid unit. On the other hand, jS-n-^uoofiaminase is found in several 
sources of spreading factors. This ensyme has been separated from 
the viscosity-lowering principles. ' 

In summary, the complex of hyaluronidase of difTereni origins un- 
doubtedly contains different enzymes, but their number and mode of 
action are not fully known (91). The term hyaluronidase therefore 
does not designate a single entity, but a whole group of enzymes. The 
composition of this mixture varies with different organisms. For this 
reason it is impossible that all spreading factors and hyaluronidases 
ore completely identical. 

C. SOME PROPERTIES AND THE MEASUREMENT 
OP HYALURONIDASE 

Hyaluronidase acts on hyaluronic acid, on the sulfuric acid ester of 
hyaluronic acid of the cornea, and on the chondroitinsulfuric acid of 
hyaline cartilage. tSome preparations of hyaluronidase attack 
chondroitinsulfuric acids from other sources than the above-men- 
tioned, even when the enzyme has.been highly purifieef (55). On the 
other hand, hyaluronidase from IctHih extracts does not disintegrate 
the chondroitinsulfuric acids mentioned before. Thus the question 
is left open whether one or two enzymes are involved in these cases. 
The evidence points to the latter (91). 

Other substances related to hyaluronic acid, as, for instance, hep- 
arin and the mucins from the re.spiratory, digestive, and female genital 
tract, do not act as substrates for hyaluronidase. Several of these 
substances seem to have some affinity for the enzyme. They seem 
to combine with the hyaluronidase molecule, inhibiting by competi- 
tion the degnulation of hyaluronu* acid (78,81) After removal of the 
sulfuric acid, tins inhibitory power disappoai's. 

When the complexity of hyaluronidase is couhidered, it< is eat-y to 
understand that th(‘ pll optima of the prt'parations from different 
sources vary a gn-at deal. On measuring the formation of reducing 
substances, two optima, pH 4.5 and 5.7, are found, lliere is also a 
shift of the pH optimum from 5.0 to 6.8 with decreasing concentra- 
tion of the buffer solution (91). 

The activity of hyaluronidase is enhanced by salts, especially by 
sodium chloride (83). 'Fhe optimal concentration ranges from 0.07 
to 0.17 M. 
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When mucopolysaccharideB are bouod to proteins, they are less 
easily depolymerised than thr corresponding pro1ein*frpe compound 

(91). 

Hyaluronidusp is inhibited by mucopolysaccharides, us mentioned 
above, and by specific antibodies. Antinvasin I of the sera of differ- 
ent species destroys tbis enzyme (st'e page 485). 

Biological, physioochemiral, and chemical methods are emph^ed 
in the quantitative determination of hyaluronidase. 

A biological method often usetl In tlu* Bpn'adinn; reaulion., Ifyalumnidasc prepa- 
ntioDS are injected intracutancouabr to animals, together with India ink or other 
dyestuffe. Tlie rolorod an.‘a is compared with the one produced by an injection 
without the fipreading fart or. The most arrural e method has l)eon developed by 
Humphrey (63), who mrasured the increafle of ureas of the blebs twenty minutes 
after the injertion. The minimal diffusing dose is taken as the least amount of 
hyaluronidase which will produci> a 20()( increase in mean area of the blebs, as 
compared aith the mean of the routruls. Geni^rally the spreading reaction can- 
not be considered an arcuratc assay of h>'alurnnidase; agreement with results of 
other methods is often poor (91). 

PhyfticorhmicaJ methods art* mtwt (*xtt*iiHiv(*Iy used. Thi* mucin 
clot prevention method ttf McClean and Hale (see preceding section) 
is suitable for small amounts of hyalurunidust* (70). 'Fhe determina- 
tion of the drop in viscosity is simple, but rather cumbersome and 
not wrll suited for idcrial determinations. The fundamental principles 
of this reaction have lately been thoroughly investigated (123). As a 
result, a method of assay has been devised which depends upon the 
fact that, within eertain prescribed limits, the fall in Aoav time through 
an OstwaJd viscosimeter of a buffered hyahironate-hyaluronidase 
mixture incubated for a fixed time is proportional to the logarithm of 
the concentration of the enzyme. 

Pure hyaluronic acid forms stable colloidal suspensions with diluted 
senun at pH 4.7, while depolymerized molecules do not show* this re- 
action (65a). Iliis proijerty of hyaluronic acid can be used for accu- 
rate and serial detrnninations. Only small amounts of substrate are 
required for tius j)ruceduro and its results are in good agreement with 
viscosimetric data (91). 

The production of reducing groups and AT-acotyl-hexosanune dur- 
ing the degradation of hyaluronic acid can be measured in the usual 
way. Thus several methods have been introduced for the chemical 
determination of hyaluronidase. 



T ABh'E VI. HTJLlfinyiittiMM of 6»rAKB VsNoirt 


Spedea 

Method 

Quantitative 

date 

Ref. 

Noi. 

Notes 

Cplubrids 





Aeantkophia anfaro- 

Sirreading 

U.SBiD.i(7.2cin.>)f 

88 


licuf 

Daniaon^ Bvperha 

Hpreading 

20.0 cm.® (6.7 cm.*)* 

33 

This venom hae a 


Spreading 

+ 1 

23 

liigber spreading 


Viscosity lowering 

21 unite* 

23 

power than other 
preparations with 
the same viscDs- 
ity-lowBiing sa* 
pacity (23). 

Wapa/vlviuB 

Spreading 

18.6 om.® (S.0 cm.®)* 

33 


JVeta nsia 

Spreading 

ID.Ji cm.® (8.0 cm.*)® 



J^oia hate 

Spreading 

+ 

124 


JVdicAis eciilctfua 

Spreading 

Traop 

33 


JVotfchia seviatua 

Spreading 

+ 

23 

This venom has a 

nfger 

Visoosity lowering 

111 uniti* 

23 

highsr spreading 
power than other 
proparationawith 
the same idscoii- 
Ity-lowering oa- 
pacity (23). 

Viperida 





itgkMiroifofi piaei- 

Spreading 

20.0 nn.® (7.0 om.*)® 

33 


voruM 





BoIhropM altftnalut 

Spreading 

+ 

124 



Vi>posity luweiiug 

+ 

42 


Bothiopa jtiraroca 

Spreading 

+ 

124 



ViAciaity lowering 

+ 

42 


CrotttUia adamonUua 

Spreading 

a.’) rin ® (7.0 cm ^)® 

33 


CrotaluB cinnfUB 

Spies ding 

30em.» (3.2 riii.®)® 

33 

Venom oontaius 

(atrox) 

Viscpeity lowering 

1 + 

3Qr82 

glucosaminase 

(36). 

Orniaihia terrifu'jia 

Spreading 

4 

124 

I diffusing factor in 


Msrosily loweiing 

4 

42 

accompanied by 


ViHQObity lowering 

4 

BJ 

another sub* 
stance capable 
of causing a slow 
spread of indica- 
tor through skin 
tissue (Bl). 

f*TOtalna ifrtyfirua 

Spreading 

30 rm.® (6.0 cm.*)® 

33 


CroialvB duiiaaus 
Behu aatinaiuB 

Vippohity lowpnng 

4- 

42 


Vipera ammodyiea 

VinTOMty lowering 

4* 

42 


Vtptra oBpiB 

Spreading 

1:90,000*’ 

124 



Viseosity lowering 

+ 

42 


Vapara ruBBelli 

Spreading 

4- 

79 



VisooMty lowering 

+ 

79 



Prod, of hkIiic. 

+ 

79 



Bubst. 

Prod, of iV-acetyl 

+ 

79 



glucosamine 





* Suraadius are* of Indi* ink. Figures in |»arenCb«eeH refn* to the oontrol. Dilotioiii of 
vooom 1:1000* Reading after 24 hours. ^ Viiiroeity-reduDmg units. * fiptesding activity 
still poeitive iVitb given dilution. 
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D. THE HYALURONIDASE OF SNAKE VENOMS 

The results of hyaluramdase determinations of snidce venoms are 
sho^ in Table VI . It may be seen from this table that the spreading 
factor and hyaluronidase, the latter being measured by its visoodty- 
lowering property, have been found repeatedly in the same venom. 
Taking into consideration all the results obtained, it may be concluded 
that the spreading factor in snake venoms hitherto investigated is 
identical with hyaluronidase. 

The venom of Vipera ruasrUi contains a hyaluronidase which has a 
pH optimum of 4.6. The actinty drops sharply outside the range 
pH 4.6 to 6.5 (79). This venom does not attack heparin. The 
hyaluronidase of Crotalus civneus is more sensitive to heat than the 
lecithinase and proteinase of tliis venom (82). Destruction of hyal- 
uronidase by formol parallels the disappearance of the toxicity of the 
venoms of Vipera and Bothrops (43). 

A sixfold concentration of the hyaluronidase of the venom of Cro- 
Udiu cinereuB (82) could he obtained by precipitation of the en^me 
with half-saturated ammonium sulfate. Different adsorbents alworb 
either the hyaluronidase or the impurities, so that adsorption methods 
might obviously be employed for the purification of snake venom 
hyaluronidase. 

Investigations of several enzymes led to the assumption that in ad- 
dition to hyaluronidase other diffusing principles are present in snake 
venoms (23,81). /9-Glucosaminase, which is present in the venom of 
Crotalus dnereus, has no viscosity-lowering activity (36). 

IV. L-Ophloamino Acid Oxidase 

In 1944 we reported (136,150) that an L-amino acid oxidase was 
present in Vipera atipis venom. It is the only iionhydrolytic enzyme 
to date found in snake venoms. These observations were extended 
in our laboratory (148,151 ,ir)4) to the venoms of many other species. 
The new enzyme, which merits special attention because of its activity 
and ready solubility, proved to be a very convenient material fur the 
examination of the siiecificity and reaction mechanism of the enzymic 
degradation of natural amino acids. 

The interaction between the enzyme and its substrates follows 
different pathways in the presence and absence of catalase. This is 
illustrated by the following equations (150) ; 
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In tbn pvMpnoe of oatitiafw: 

BCH(NHi)CO()II + 'AO, » lirOf'OOH + NH, (I) 

In the nbaenoe of eafalaw. 

BCH(NH^)OOOn + O4 + H,0 » RCOCOOH + NH, + HA (Ila) 

HCOCOOH + HA), ROOOH + CU (Hb) 

The at<keto acid produced in the cuuise of reaction Ila ia oxidiaed 
by hydrogen peroxide, aa was found with pyruvic acid, formed by the 
action of purified n-amino acid oxidaHC on i>-alanine (100). Accord- 
ing to the equations, the activity ot the enzyme can be measured by 
the following procedures. (1) 
oxygen consumption— manomet- 
rie methods; (S) ammonia pro- 
duction — Conway’s method and 
similar procedures; (j) produc- 
tion of keto arid (in the presence 
of catalase)— the 3,5-dinitro- 
phenylhydrazone ot the keto acid 
vielcU a reddiah-broun color with 
alkali (103); (j) piuduetion of 
hydrogen peroxide- the peroxide 
oxidizes hydrogen iodide (102) 
and phenolphthalin (117), }rield- 
ing iodine and phenolphthalein. The first two have l>een adopted 
aa routine procedures, the lad methcKl giving only semiquantitative 
results. 

Optimal eimditums toi the rt'aclum betueem enzyme and substrate 
can be obtained in the following way 0.25 to 2 mg. dried venom, 
llf/lS phosphate buffer pH 7 2, temperature 3S“(\, L-leucine 0.007 
M (final concentration) The n‘siilts are expressed by the symbol 
Qoi' raieroliters oxygen per hour pei milligi’am venom. 

A. 8PKt’IFI^^^^ 

MonoaminomonocarboxyUc Acids. With the exroption of gly- 
eine and D,L-tbreouine all monoaminomoiiocarboxylic acids so far 
examined are oxidized in the presence of the amino acid oxidase 
(150,151), some with very low velocity {e.g., i.r-alanine and i>,h- 
serine, 151), some with very high velocity (e.g., L-leucine, 1,- 
methionine, and L-phenylalonine, 150) In the unbranched ali- 
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phatie series the maxiinal velocity is reached with norvaline (Fig. 2) 
(139). 

TABLE Vn 

Kksstmic Oxidation of ^Amindcai'boic Aciub by Pubifisd Venom 
OF gabonica 


Amino odd Qot 


laolcucioe 158 

Leucine 584 

Norlcucino 284 


aiool- 

z 

8 


200 r r-i It can therefore be concluded 

that the configuration of the ali- 
phatic chain exerts a definitive in- 
fluence on the interaction between 
enzyme imd substrate. This can 
further be demonstrated by com- 
paring the reaction velocities of 
three diiferent o-ominocaproic 
acids (Table VII) (139). 
L-Diaminomonocarboxylic Adds. 
L-Histidine and L-arginine arc 
oxidized with low velocity by the 
amino acid oxidase, while L-omi- 
thine and L-lysine hardly react at 
all with the enzyme. How'ever, 
when the terminal amino group is 
converted to an acid amide group 
(L-omithine to li-citrulline, L-lysiac 
to ei/-benzoyl1>'sine), a degrada- 
tion takes place. Citrulline is de- 
aminated with high velocity, and 
eir-bcnzoyllysine with moderate velocity (Table VIII) (151). 

Monoaminodicarboxylic Acids. Similar results are obtained 
with the monoaminodicarboxylic acids. Although no degradation 
of L-aspartic and glutamic acids is observed, asparagine and glu- 
tamine, on the other band, can be easily oxidized (Table VIII). 
Again the fivo-membered chain is more susceptible to enzymic at- 
tack than the four membered compound (151). 


10 33 1 0 10 3 3 

BENZOIC ACID, millimoles 


LEUCINE 
3 3 miHimoleb 


LLUCINE 
33 J niilliiTiDlus 


Fig. 3. Competitive inhibition by 
benzoic odd of the oxidation of leu- 
cine by Vipera aspw venrim. Black, 
benzoic acid absent; white, acid 
ent. Ordinate, /iL/hr. 
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In Table VIII are listed tiie substraten of the amino aeid oxidase 
of Vipero oepM. Several of these amino acids have never before 
been attacked ensymically or oxidativdy deaminated in vitro. 

In ah cases in which the i^-evamino group is substituted no oiddation 
takes place. Thus pruline, hydrozyproline, JV>methylleucine, N- 
luethylphenylalanhie (154), and rdl glycine, leucine, tyrosine, and 
tryptophan peptides (150) investigated are not attacked. This prop- 
erty of the peptides is applied iu the quantitative determination of i> 
fieptidases with the aid of snake venoms (110,137-136,143,152). 


TABLE VIII 


OxriMTioN OF Amino Aoidb bt tbb Vidnom or Kipera lupit 


QOi< 100 1 

QOi 100-300 

Qw > SOO 

L-Alaninr ' 

llfLrScrilJl^ 1 

ji-Cyntine ' 

3, ft-l )indo-irt yrrjHino 
3.5-Dihram(i-irt> rosiiio 
\itro-ii-lyroHiue 
3,4-irDihvdiroxypheiiyl- 
alanine (dopa) 
li-Glutamine 
tf-BeiUBO^y]-i>lyfiiiie 
D,LrAininobutyiio acid 
li^ii-Amioocajin'lic* and 

irMefhionine 

irLeuciiie 

irPheoylalaiiiiie 

ii-Tyro8me“ 

i;-Valiue 

ii-ATgiiiine 

L-A>iparapu(* 

LrTr>^tiophaii 

irCitmUine 

D,]rNorvaliike 
UfirNprleuciue 
D^L-Aminoeaaiithic acid 


■ BloNchko fpt'raonal nimmunication) lias reccutlv rthwived thi* degradation nf 
m-IvTosine bv the irophioamino arid nxidaw. 


All attempts to oxidise D,ira-aininobutansulfonio acid, i>,L-a- 
aminopentansulfonic acid, j9-alanine, y-aminobutyric acid, 4-amino- 
valeric acid (142), L-tyrusine ethyl ester (151), and many n-o-amino 
acids (150) gave completely negative results. Some of these sub- 
stances inhibit oxidation of other amino acids (142). The n-amino 
acids have so little affinity for the enzyme that minimal amounts ot 
L-a- amino acids in preparutions of D-Et-amino aeids can be deter- 
mined quantitatively by adding snake venoms. By the same pro- 
cedure L-amiuo acids are removed from the n-amino acid preparations. 

In conclusion we may indicate the mquirements of the specificity 
of the enzyme os follows: the substrate must possess a free carboxyl 
group, an unsubstituted cHunino group, and an organic radic^ A 
secoi^ BJolon or carboxyl group inhibits a substance otherwise suit- 
able as a substrate for the eniyme. 
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B. UNION OF THE ENZYME WITH ITS SUBSTRATE 

InvcRtigatioiw on the inhilutoty action of several groups of sub- 
stances have contributed to our knowledge not only of the specificity 
oS the ensyme, but also of the mechanism of the action of the enzyme 
cm the substrate. Several carboxylic acids, as benzoic, salicylic, 
mandelic, and iodoacetic acids, inhibit the oxidation of L-amino 
acids by the oxidase (151). This reaction is a clear-cut example of 
competitive inhibition. The inhibition becomes more pronoimced as 
the concentration of substrate decreases and the concentration of ad- 
ded carboxylic acid increases. With low carboxylic acid concentra- 
tions and large amounts of n-amino acids, oxidation of the latti'r shovrs 
an even higher velocity than the controls. It can be shown that the 
dissociated carboxyl group is it'sponsible for this reaction, since the 
degree of inhibition increases with increasing dissociation constant 
(142). 

Carboxylic acids arc not the only acids able to interfere with sul)- 
strates of the L-amiuo acid oxidase. Kome aliphatic a-omiuoeulfonic 
acids, as well as many aromatic sulfonic acids, are powerful inhibitors; 
e.g., 2,5-dichlorobenzenesulfonir acid, 2,5-dibromnbcnzcncsulfoiiic 
acid, azobenzenesulfonic acid, p-hydroxyazobcnzenes\dfouic acid, o- 
chloTotuluenesulfonic acid, 4-nitrotulucne-2-Bulfonic acid, and some 
sulfonamides employed therapeutically (150,151). We have shown 
for the first time that these Hu))stanceh are able to compete with amiiio 
acids for the enzymes concenicd in amino acid metabolism (150,151). 

Since many acids appear to prevent reaction between the carboxyl 
group of the substrate and the enzyme, ammonia should be able to 
interfere in the same manner with the amino group. This is true for 
the iramino acid oxidase of rat kidney (12) but not for the enzyme of 
snake venom (154). ()n the other hand, the amino group of tyrosine 
ethyl ester acts as an inhibitor (151). 

Although hydrocyanic acid does not exert any influence, at least 
in the coneentrations generally applied, several other carbonyl re- 
agents, as semicarbazide hydrochloride, hydroxylamine hydrochlo- 
ride, 3,5-dinitrophenylh3rdrazine, and dimethyleyclohexanedioiie (di- 
medon), take part in competitive inhibitory reactions (154). How- 
ever, the inhibition is not so accentuated as in the case of enqunes 
like diamine oxidase (133) and histidine carboxylase (129). 

The competition of different amino acids for the enzyme seems to 
prove that the same agent may act as catalyst in the oxidation of all 
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thft anuno acids listed in Table VIII (150). Even ir'pfdine, which is 
not attacked, can interfere with the osidatiolPi of other L-amino acids, 
exhibiting; in this way scone affinity for the oxidase (154). 

The amino acid oxidase is inhibited by high substrate euncentmr 
tioDs (150). This result may be understood by assiuning that there 
are two sites of attachment between 
enayme and substrate (56). Thus at 
high concentrations the possibility aribos 
of the combination of two substrate 
molecules with one enzyme molecule 
(for another thoroughly examined ex- 
ample, see 133, Fig. 5). The amino 
acid may combine at the a-amuio and at 
the dissociated carboxyl group, the en- 
zyme at a carbonyl and a positively charged group. 

The experimental results hitherto obtained can be consolidated to 
form the model shown in Figure 4. 

(’. DlKFKRKNCbXi BETWEEN THE irOPlIIOAMlNO ACID OXIUASK 
AND OTHER I,-AM1N0 ACID OXIDASES 

No other known amino acid oxidase shows the same properties as 
the enzyme from hnake venoms. The L-amino acid oxidase of mam- 
malian kidney found by Krebs is very sensitive to dilution and to 
addition of octyl alcohol; the snake \’enom oxidase is not influenced 
by these procedures (70,71). An enzyme investigated by Edlbacher 
and Grauer (37) and occurring in the kidneys of several species oxi- 
dizes L-valine more slowly than L-alaninc, but the remse is true for 
snake venom oxidase. 

Regarding the specificity, a close relationship can be established 
between the amino acid oxidase of Proletu vulgaris and snake venoms 
(121). Both enzymes fail to attack AT-methylated amino acids and 
iz-proline. But in many other respects the differences between the 
two enzymes art* considerable. They are summarized in Table IX. 
Some of the main differonees between the enzyme of the venoms and 
the oxidase in rat kidney isolated by^ Green and co-woricers (12,13) 
liBvo already been mentiontvl; they are summarized in Table X. 
It was later found tliat the rat kidney oxidase attacks i/-a-hydroxy 
acids (13,14). These results are corroborated by those obtained 
earlier in our laboratory (153), which w'cre extended later (64,111). 



Fig. 4. Tentative model 
of i/«|diioaiiuno acid oxidase. 
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TABLE DC 

Homb Faaewaxm or thb irAnnio Aoo OxiDiunBa or Pn^nu nlptrit 
AMD or Smaxi Venous 


Property 

pyoiiUf 

iiiXptffiB 

omue 

Snake 

venom 

OsidatkRi of i/valiae 


+ 

Inhlbitiim by oetjd alcohol 

+ 

— 

by hydfoeyuio add 

+ 

— 

by bensoio add 

— 

+ 

by iodoacetie add 

— 

+ 

Fonnathm of hydrogen peroxide 

— 

-1- 

Inhibition by high subotrate conoentrationa 

— 

+ 


TABLE X 

Some FMoPEieriES or the l-Auino Acid Oxidases or Rat Kidnet 
AND or Snake Venous 


Property 

Rat kidney 
oxidaBe 

Snake venom 
oxldaaa 

Oxidation of proline 

+ 

— i 

of AT-methylated amino aoida 

+ 

— 

of L-ci-hydro^’ aeids 


— 

Inhibition by ammonium aalba 

+ 

— 


Thus the enzymr of Roako venoms (and snake tissueri) appears to 
be different from all other known iramino acid oxidases (see 148 for 
discussion of other L-amino aoid oxidases), and has therefore been 
named L-ophioamino acid oxidase (ophio oxidase). 

D. OCCURBENCE OF irOFHIOAMINO ACID OXIDASE 

From the biological point of view it is important to know that l- 
oidnoamino acid oxidase occurs in venoms as well as in several tissues 
of venomous (Ftpera aapia) and nonvenomous snakes (Tropidonotus 
natrix and T, tesudatus). The ensyme activity of the oi^gans de- 
creases in the following order : lung, liver, kidney, erythrocytes (148) . 
Since the ophio oxidase of these tissues attacks the same pattern (rf 
iramino acids and is inhibited by aromatic sulfonic acids in a Mmilur 
way as the oxidase of the venoms, it follows that the two eniymes are 
veiy dosely related to each other or are even identical. 

The activity of the irophioamino acid oxidase generally attains 
higher values in the venoms of viperids than in the venoms of oolu- 
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brids. Toaocniainpiont, theool^tyisiqKoifioforagentu. Thus, 
in the group of pit vipers, the genus BothropsOnhlbitB higher aetivitiee 
than the genus Crotaliu. No trace of ophio nridfum was found in the 
venoms of the oolubrid Dsmonats textHu and the viperid Boffavpt 
iUspetinifi^. These are the only vmioms which are pure urttite} 
all the others are yellow ( 140 ). 


TABtE XI 

Djcqiujjation op l-Ledcinb bt DirpeaiiMT Snaxb Vbnomh 


SpMlei 

Qoi 

BpMi«8 

Qoi 

Coluhridfl 

Acantki^phM atiiarciicuit 

60 

Viperidii 

Bothropa jararOM 

750 

Bungarua coarulaua 

260 

Bothro^ jtarataeuaau 

400 

Bungarua faaciatua 

230 

Bothropa UapeUningar 

0 

Demunaia texiilia 

0 

Bothropa neuwiedii 

SOO 

Dendraapia anguaiicepa 

50 

Bothropa nummijfera 

Vmaiea idpara 

Crotalua adamanteua 

190 

Dmiaonia auperha 

Blapa coraUinua 

60 

10 

420 

50 

.Vaia bungarua 

380 

Crotalua dneraua 

100 

Nadaflaua 

00 

Crotalua horridua 

70 

Naia kaie 

250 

Crotalua lucaaennia 

60 

Naia meJanoteuca 

240 

Crotalua ruber 

10 

Naia naia 

100 

Crotalua tmificua terrificiia 

10 

Naia nigriooUia 

100 

Crotalua ternficua haailicua 
Crotalua tnridia 

80 

NoUcKia acutatua 

40 

270 

Paaudadhia auatralia 

50 

Crotalua viridia areganua 

250 

PaeudeMa porpkyriacua 

190 

Echia earinatua 

130 

Srpedon hamachaiea 

120 

Siairurua catenaiua 

100 

Viperidfl 


Trimereaurua gramineua 

680 

Agkiatrodm viokaaah 

45 

Vipera ammadyiea 

310 

Aifiriatradm piarittorua 

380 

Vipera aapia 

610 

BtHa arietana 

380 

Vipera aapia Htigyi 

2440 

Biiia gciwnica 

320 

Vipera hema 

+ 

Bothropa aUematuH 

m 

Vipera UUaatei 

620 

Bathrapa atirax 

760 

Vipera lebetina 

1570 

BoAra^ cotiara 

390 

Vipera ruaaelh 

760 


TABLE Xll 

Gidoubaphicai. Vauetikh or Hnaxe tiPEcniB anu Tbbib Venohh 


BpeMM 

Venom oolor 

Qoi 

(iMiniM) 

Dmioonia mprrba 

Dmiomia ouperba (vnriety living at lugkpr 

Yellow 

60 

altitude) 

Oeamiah white 

10 

^VotaeSu teubUiu 

BUghtly yellow 

40 

Wotoehu ocidatua 

CreamiBh irhite 

10 

•VotecAu aeuiatua niprr 

Yellow 


Vipera aupie 

Yellow 

610 

Vipera aepie (Dditarteincni du Ue») 

WUte 

a 
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It is W’eU known that geographiral varietieH of a sinKic' apeuieo can 
produce venomB of different color (127). In throe caaeB investigated 
the activity of irophioamino acid oxidase runs roughly parallel to the 
intensity of the yellow color (Table XII). Fluorometric assays led 
to the assumption that riboflavin is present in V. (uptsand Nana naia 
vmoms (21). These results were ruufirmed and extended by micro- 
biological metliodb in the writer's laboratory (143,149). Consc*- 
quently we know that the yellow color of snake venoms is partly due 
to riboflavin Cfable XIII) The venom of Vtpera aspis showed no 
evidence of the presence o1 cithci thiamine, nicotinic acnd, or panto- 
thenic acid. In purification experiments tlie colored and the active 
substances always occur in the same fraction (143). 

TABLE XIII 

KiBUrLAVIN ('o\Tl!.NT OF SHAKB VbNOMS* 

Ubhub Milliicram. per cpnt 


NoiU nata 

3 Otoe 6‘ 

iVaia mflanoleutxh 

6 8 

Jiitu gabontca 

7 0 

Boihrops atrar. 

IS 0 

Vtpera (upi^ 

5 5 to 20.0' 

Vtpera latastet 

2 7 

Vipfra lebftma 

16 8 


* White vruonui of 1'. ai>pig (cf Table XII) and ot Bothmpt itapetmmgae an* 
almost or completely devoid of ntsiflavin. * DiiT(‘n‘nt samples 

V. Prolnvaslfi I 

The intercollular gel ot the connective tissue forms a strong barrier 
against the rapid diffusion ol bacteria and venoms Thii^ resistance 
can be overcome by the aggressive agents with the aid of the hyaluron- 
idase they contain. The invaded organism is able to retain the ade- 
quate colloidal state ot its connective tissue by iuhibiting this enzyme. 
In addition to the inhibitors mentioned belore (see page 471) several 
others have been investigated. The inhibition of bacterial hyaluroni- 
dase by normal human serum was found first shown in 1940 (60). 
MrClean (78) discovered the inhibitory action of guinea pig, rabbit, 
ahiCep, horse, mouse, and human serum on hyaluronidasc prepared 
from bull, rabbit, and mouse testes, from streptococci, Chsiridiu^ 
ivelcfut, and from viper and scoipiun venom. The inhibitory action 
of the sera was associated with the pseudoglobulin fraction. 
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Hmb (62-^) reported the existence of a hyalunMiiditse-destraying 
agent in the serum of man, horse, beef, hog, rabbit, chiokeni and carp. 
This antibyalunmidase, called antinvasin I, inactivates the hyaluroni* 
daae of testes (man, bull) , and various bacteria, but not that contained 
in A^'Hatrodon pucworua venom. 'Ihe factor is heat labile and does 
not dialyae through cellophane membranes. Ijately this antinvasin 
has been separated into two factors (49). Each of these fractions is 
practically inactive in an isolated state, but recombination results in 
the original antivasin 1 activity. 

The antivasin I is in tum inactivated by several bacteria and ven- 
oms. The heat-labile agent responsible for this reaction is called 
proinvaain 1. Thus the venom of Agkistrodon piKivorvs destroys the 
antinvasin of human, chicken, hog, and golden carp plasma. The 
concentrations of proinvaain 1 and hyal\ironidase vary a great deal. 
This is shown by the data given in Table XTV. The relative propor- 
tion of proinvasin I to hyaluronidase may determine the course of 
invasion of the agents. With large amounts of proinvasin I, such as 
are present in venom of Aakistrodan piaeit'orus, the destruction of anti- 
vasin I takes place so rapidly that the reaction antinvasin -* hyal- 
uronidase becomes negligible. In such a ciuse hyaluronidase will not 
be destroyed by antinvasin I, and invasion can proceed. With 
small amounts of proinvasin I, the destmetion of antivasin T becomes 
unimportant. Under these conditions antinvasin T in plasma w'ould 
be capable of preventing invasion (53). 


TABLE XIV 

Relattvi! PnoPORnoN or Proinvasin I to Htaluronidabe in Snaxb Venom 


Hourci* nf Boxymp 


2lliUigraiii8 required for 

n 3 rHluroDida*ie I Proinvaein 1 
BriiDS" I Bvilonb 


ProinvasiD 1/ 
liyBluronidaiie 


AgkisiTodoii piacworuft 
CroUdru adammteuM 


0.10 0.009 I 11.0 

0 06 0.05 I 1.2 


• CoDoentratioD of hyaJuroiiidabo which will depolymorizc 50?^ of ihe poly- 
aacohaiick* in ten minutea at 25 

^ Concentration of proinvaain whieh ^ill eaune deatructiou of 50% antivaidn 1 
in ten minutes at 25 . 


The proinvasin I of snake venom (Agkisirodon pUcimrua) may be 
destroyed by the action of an agent called antinvasin 11, which differs 
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from antinvaoin 1 and is more heat atable than the latter. Ita prea* 
enoe has been shown in human, beef, chicken, and carp plasma. 

Only few data are available on the properties and enayme nature of 
pixwvatdn I and antinvasin II; nothing is known concerning inter- 
action of antinvasin 1 nr II and proinvasin I. Althou^ the mecha- 
nism of these reactions is not yet understood, they nevertheless illus- 
trate the profound mutual influence of different components of a 
venom rm their reaper five fimctions. 

VI. Biological Significance of Snake Venom Enzymes 

Before discussing the role of single ensymes we must pause to con- 
sider the biological significance of the venoms as a whole. From the 
anatomical, physioloj^cal, and biochemical findings, it would appear 
that the venom-producing glands originally had a rligpstive function. 
The more primitive genera, Coiubridae opi^oglyphae, have developed 
a simple fang structure in the rear of the upper jaw and a compara- 
tively mild poison. These reptiles, with one exception {Desphciidus 
typtu, 50), have never been included among the ckngerous serpents. 
They swallow their prey, injecting venoms by which the digestive 
process is initiated. Unlike other animals the serpents cannot mix 
the secretion products of their digestive glands with their food by 
chewing it or tearing it to pieces. Instead they use their highly de- 
veloped injection apparatus to apply digestive agents to the prey. 

Apart from their digestive role the highly concentrated and power- 
ful enfymes can exert a strong poisonmu effect. This may be demon- 
strated by an enzyme of jdant origin: 0.15 mg. crystalline urease, 
injected intravenously, is sufficient to kill a rabbit. This toxic effect 
is due to the ammonia produced by the action of this enzyme on urea. 
Chickens are immune to urease, since their blood has a very low urea 
level (122). 

In the course of phylogenetic development, the length of the maxilla 
decreased. Owing to this process the position of the fangs gradually 
shifted toward the front of the mouth. They thus developed into 
weapons of defense and attack (jColvbridae proterofilyphae). In the 
Vipvridae family the fangs were even further specialised in this direo- 
tion. 

Fresenee in snake venoms of ensymes like proteases, peptidases, 
ldup<fiuitaseH, esterases, and lecithinases agrees with these assump- 
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tio&B. AH the ensymes mentionod in the foregoing diseussion except 
irophioamino acid oxidase and hyaluronidase are encountered in the 
digestive juices of other animals. Some of tine poison ensymes may 
be digestive agents; some others may have b^n developed in the 
direction of highly toxic substances, and some display activities in 
both directions. 

llie poisons are not able to fulfil their physiological role before 
they are spread rapidly from the point of inoculation throughout the 
whole body of the prey. But serious obstacles are raised against such 
a propagation. In a previous section it was shown that the spaces 
between the cells and ihc fibers of the connective tissue of the skin 
are occupied by a hyaluronic a cid gel. Since many components of the 
poisons are of colloidal nature, their diffusion velocity in such a jelly 
must be extremely low. The venoms overeome this barrier by hy- 
drolysing the hyaliironie acid with the aid of hyaluronidase and thus 
immediately reduce to very low values the viscosity of the connective 
tissue. Since the body of the prey displays hyaluronidase-dcstroying 
activity (antinvasin I), the snake enzyme must bo protected by pro- 
invasin I. 

Venoms, espeeially those fnim viperid smikee, produce some other 
local reactions, in addition 1u the spreading effect described above. 
The increase of permeability of the capillary walla is not to be as- 
cribed to the direct action of hyaluronidase, since the capillary cement 
does not contain hyaluronic acid. However, the enzyme contributes 
indirectly to the lesions of the capillaries by destroying surrounding 
ground substance, which supports the vessels. Lecitbinases A in- 
crease this effect by attacking the lipide layer of the endothelial cell 
surfaces (28). Xa a result lysolecithins are formed which give an 
expanded, fragile, and more permeable film (62). The powerful i«o- 
teinases contained in many snake poisons lead to actual dissolution of 
bloodvessels and subsequent extravasation of erythrocytes and serum 
into the tissues. A widespread hemoiThagic edema is the result. In 
several instances it has been noticed that the “spreading” reaction' 
produced by snake venom was greater than could be accounted for 
by the hyaluronidase content (Table VI, page 475) ; these observa- ' 
tions are easily explained by the presence of the lecitbinases orul pro- 
teinoses. The combined effect of these enzymes con be demonstrated 
by mjccting small doses of a poison into the subcutis of mice. 
Within a short time the animal becomes anemic and severe hemor- 
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rhai^ edema epreada not only over the subcutaneouB tismie of the 
whole back, but extends also to the belly. 

When men or larger animals are bitten by big viperid snakes and 
happen not to succumb, heavy necrosis often occurs at the site of the 
bite. This effect obviously is not to be attributed to the immobiliring 
and killing action, but to the primitive digestive properties of snake 
poisons. 

Absorption appears to occur mainly from the region of the advanc- 
ing edge of the edema. The venom-containing edematous fluid seems 
to be absorbed by the lymphatics and to pass up the corresponding 
chain of nodes. These become greatly swollen and hemorrhagic and 
show marked hyperplasia of the reticuloendothelial cells (46). 

Here we may discuss the problem of the physiological function of 
L-ophioamino acid oxidase. Unlike most of the other venom enzymes, 
L-ophioamino acid oxidase was discovered in enzyme rather than in 
biological studies. We must therefore try to find out its role in the 
the mechanism of the poisonous action. Despite the fact that this 
enzyme is very common (see page 483), a few venoms nevertheless are 
devoid of it. It is therefore not absolutely essential to the deleterious 
effect of snake bites. 

Comparatively large amounts of i.j-ophioamino acid oxidase are 
present in specimens of the genera Bothrops and Vipera — ^probably 
1-3% of the crude dry product. These venoms may serve to verify 
whether the presence of this enzyme is necessary for their poisonous 
action. We therefore neutralized the poisons of Bothrops jararaca, 
Vipera ospis, and CroUdws terrificua with the corresponding antisera. 
Even after the addition of a great surplus of antiserum to the venom, 
not the slightest inhibition of L-ophioomino acid oxidase was observed 
(143). From these results we may conclude that this enzyme is a 
nontoxic component. 

It has been known for many years that animals killed by snake 
bites undergo autolysis and putrefaction at a higher rate than usual, 
even when the corresponding venoms do not display high proteolytic 
activity. In agreement with these observations it could be shown 
that venoms are capable of activating proteases (80) and peptidases 
(125). The mechanism of these reactions was not elucidated. Study- 
ing the influence of many venoms on peptidases of different tissues, 
we were able to confirm and extend the work of previous authors. The 
results point to L-ophioamino acid oxidase as the component responsi- 
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ble for this artivatiog power of the potaons. The white venoms, 
which lack this ensyme {Vtpera atpta, Demanria texUlii, and BoOvropt 
itap^iningae), do not in any way influence Ihe peptide-splitting effect 
of tissue extract (143). 

A possible interpretalirm of thet-e results is that the reaction prod- 
ucts of the system peptide-peptidase are removed by converting 
them to dt-keio acids. As a consequence the equilibrium is disturbed 
and can be restored ouly by the dcgiadation of more peptide mole- 
culcb. It has l>cen shown by Ik^rgmann and co-workers (9) that this 
pquilibrium is not shifted m far toward liydrolysiB that ensymic syn- 
thesis could not take place at an easily measurable rate. 

In complete accord with these results are some observations of cer- 
tain French investigators on the white venom of Ftpera ospis from 
southeni France (D4partement du Gers) . Although the yellow venom 
of this species from other parts of France causes necrosis at the site of 
inoculation, the white poison do(‘s not (22) 

llic protease-enhancing cJTcct of L-ophioamino acid oxidase can 
take place in all living cells, since they all contain proteases and pep- 
tidases susceptible to activation (ophio oxidase is apparently not re- 
sponsiblc lor the inactivation of seium hypeitcnsin by snake venoms, 
26).* Thus, a prefnnned clmiii of reactious is started in the organism 
of the prey. Similar mechanisins have been encountci cd in the course 
of the studies on snake venom effects (see below). 

In summing up all known facts we may conclude that L-ophioamino 
acid oxidase is a digestive rather than a toxic agent vchich activates 
proteolytic ensymes. Ophio oxidase is so far the only enzyme of the 
digestive tract that is not a hydrolase. Quite possibly, siinilar 
mechanisms may be foimd one day to occur in the metabolism of 
higher animals. 

In addition to the local disturbances, general effects extending to 
many organs may be expected as soon as the poison invades the blood. 
The circulatory system itself is affected in more than one way. Many 
venoms produce heavy thrombosis in larger vessels as, for instance, in 
the vena portae (73). At the site of the venom inoculation thrombo- 
sis also occurs in smaller vessels exposed to the direct attack of the 
poison (46) 

* A muiiac bllcd by the action of viper venom (Vtiwni atptt), which ta neariy 
devoid of proteolytic enaymm, ih digcitcd by the snaKe in about three dajra; but 
when the analc la prevented fiom using its fangs the piooeaa Usta for five to 
eight daya (peraonid communication from C. Stemmler-Month). 
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The powerful proteiua&eB present in many snake venoms act in 
several ways on the clotting mechanism of the blood. They prevent 
clotting by dissolving the prothrombin and/or the fibrinogen. The 
formation of thrombin from prothrombin and the conversion of fib- 
rinogen to a fibrillar gel probably are also due to their action. Neither 
thrombin nor calcium ions are neccssaiy for the latter process (34). 
In the venom of daboia, which has a remarkably high clotting power, 
a mechanism different from all others hitherto mentioned is responsi- 
ble for the clotting reaction (38). 

It has been claimed that enzyme reactions are involved in the pro- 
duction of shock. The sharp decrease of blood pressiu^ was ascribed 
to histamine, since perfused organs liberate histamine when venoms 
are added to the perfusion fluid. A close parallel was established be- 
tween hemolytic power and capacity to liberate histamine (44,45,66, 
69). The lysolecitliin formed by lecithinosc causes cell injury and 
thus the subsequent release of histamine and coagulable proteins. 
Crystals of the so-called neurotoxin from Croldlus Urn ficus, which 
show the same ratio of toxicity to iccithinase A as the crude venom, 
arc Ixighly toxic (1 18). On the other hand, a syndrome very similar 
to anaphylactic shock could be produced by injection of a solution 
prepared from crystalline trypsin. 20 mg. killed normal guinea pigs 
in two minutes (109). Sec note appended to reference (155). 

Many lesions of bruin and nerves are caused by various snake ven- 
oms. The attack of “neurotoxins" is directed toward different parts 
of the nervous system. There arc good reasons for assuming that 
enzyme processes art' involved in the action of neuruloxins. Unfor- 
tunately only few exact data are available and no clear-cut relation- 
ships have as yet been established. The difficulties are considerably 
enhanced by the term iieurotoxin, w'hich is asetl by different authors 
in a greatly different st'nse. (Sec note npi>ended to reference (155). 

A common cause oi death in mammals poisoned by colubrid ven- 
oms is asphyxia resulting from failure of respiiatory movements (for 
literature, see Kellaway, 67). This effect is due to the so-called 
curare-like action, found only in colubrid venoms (until recently, 
when it was reported that the venom of Trimereswrus mvcrosquarnalus — 
Habu from Korea - a species of viperid, also cxeii>s a curare-like ac- 
tion, 99). 'rhe effect was supposed to be related to ChE (65). Hie 
acetylcholine produced at the motor end plates was believed to be 
destroyed by the extremely active ChE before it could perform its 
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function CM transmittur of nerve impuleeR. This bypotheeis reoeiyed 
further support from the fact that the enisytne could be found only in 
oolubrid venome (see page 469). However, the ’‘neurotoxin*' and 
the ChB could be separated into two fractions. The former dis- 
played no ChG activity and the latter no curare-like action (47,113). 
The two agents differ also in other respects, as for instance in heat 
lability (47). Diisopropyl fluorophosphatc (DFP), which inhibits 
ChE in moo, does not protect animals against the fata) effect of cobra 
venom (18). 

The venams are capable of penetrating from the blood into other tis- 
sues (intestinal mucosa, motor end plates in muscles, etc.). Prob- 
ably the same agents are responsible for thu) process as well as for the 
invasion of the blood. For instance, it has been shown recently by 
histological methods that cobra venom overcomes the blood-brain 
barrier (20). 
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Antioxidants, action of, 439-441, 447- 
448,453 

and frec-radiral mcrlianism, 430- 
440, 453 

AR fraction of panriras, antifatty- 
liver effect, 192, 198 
Arginase, and alkaloid bioisenoHia, 238- 
240 

in belladozi^ 244 
in ohromidia, 31 
in nuclei, 33 

Arginine, and alkaloid biogenosiR, 242, 
244 

and bioHynthcHia of Mdanacooun 
alkaloids, 2^240 
in hyoscyamine ayntheme, 236-240 
Asrlepias, nicotine m, 223 
AHcorbic acid and coupled oxidations, 
452 

Anparaginase activity, and pH, 158 
lability, 160 

Aapai^ne, dpainidatioii, ijS2, 15S- 

.Asphyxia and nnake venoms. 496-491 
Atropa hrllndmnn in alkaloid atudun^, 
224-226, 236-240, 241, 242, 243 
.Vtropinc. See also Hymtcyarninc. 
from tropine, 240-241 
prcKbicea in roots, 224-226 
Aiitolysih, changes in cell Mrurture 
during, 35-^ 

Aiitoxidationra), and dmible-bond 
conjugation, 434<-439 
and free-radical mechanism. 431- 
439, 450-451, 458 
and hrmin, 427, 440, 443, 452 
destruction of vitamin A, 440, 441, 
443 

of fats, and lipoxidase, 425-457 
of fatty acids with conjugated 
double bonds, 428, 434-439, 449- 
450 

of linoleate, and ^|Jert^l1 changeh, 
435-437 

(hermorhcmical studies, 437-438 
of monocthenoid fatty acids, 428- 
434, 437-438 
of thio ethers, 440 

of iinaaturated compoundh, 425- 
428, 428-439 

and epoxides, 428, 432, 433-434 
primary steps, 434-439 
secondary rearrangement s in prod- 
ucts of. 429-^, 437 
Aalactone tonnation, 118-124 

B 

BnHUm cdMo^ae dmolvcns action 

on roHulose, 267 


Bwillnk fowieiUHrum a<*tion on cellu- 
l[»e, 267 

Bndllus yi^ethanigenpH action on cellu- 
lose, 266-267 

Bacteria, acid-fast, and branched- 
ehain fatly acids, 321 
s^mthoHis uf waxes in, 333-336 
Bar^tericidal action of soaps and fatty 
acid chain lenglli, 385-386 
Bactericidal elTects of fresh sera, re- 
lation to cumplemenl, 111 
Baiiuni and fal metabolism, 398 
Herberino, hiosynlhesis, 242 
distrihutiiin in /ferhcm tJai trttut, 
233 

Betaine, in plants, 234 
lipotropic effei*i, 192 
HidgimesiM, alkaloid, 203-251 
anil cliamini^ oxidasi', 238, 239 
BiosyiiihcHiH, and genic control, 205 
of ulkaloidH, 204-206 
nf berberiiie, 242 
Biotin, and fat formation, 310 
ilesi ruction during aiit oxidation, 440 
Birefringence of various cell Htrtw*- 
lures, 8-14, 18-19, 21-23, 35-38 
Bixiu deHtruction bv lipoxidase, 440, 
452-453 

Blood clotting, and snake venoms, 
489-490 

f*ffpct of concent rut ions nf compo- 
nents, 108 

role of enzymes, 461, 489-490 
Blood lijiidpH. Hee /wjwrfrs of blood. 
Bodv wuter, and fattv arid wnthews, 
324-330 

and bterol svht hesis, 331 
Brnin, eholincslrraNT in, 463-464 


C 

ralciiiin, activation f)f admosinetri- 
phoaphatw, 45 

and bat'tericirlal activity of fresh 
serum, 111 

and fat fomialion, 308-309, 315 
and functioning of cytoplasm. 7-8. 

17. 1!]k20, 24, 45, 47. 50 
and lysis, 94-95 
and opsonic activity, 111 

Cancerous tissue, protein aynihetda 
in, 61 

Cari)ohydrate(s), absorption in de- 
pancreatized dogs, 180-181 
and fat formation, 300-301, 302-306, 
306-314, 322, 325-330 
H 3 mtheEris, and cell structure, 56 
and chiorpplasts, 56 
terminal oxidation, 412-414 
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Ci-dirarbozylic aoidn. See alHo uiuler 
individuol arids. 

and fat metabolism, 392-401, 401- 
409, 412-414 

Cr-trirarbo3^v1ie aeid cycle, 302-401 
and ketone body oxidation, 401-409. 
409-412 

evtri carboxylic acids and fatty acid 
catabolism, 392-401 
CarboxypeptidaM*, action oil a-kelo 
acid peptides, 129 
effect uii glypyldehydroplienyl- 
alaune, 134 

susceptible confi^irHlion, 166 
Carotene destruction during aut oxi- 
dation, 440, 443, 452-453 
“Carotene oxidase” in planls, 442 
Carotenoid oxidase^, and lipoxidase. 
441 

Carotenoids and coupled oxidations, 
452-4.53 

Caiiier systems for active transfer in 
ceils, 51 

Catabolic activity of the cell, 30-37 
Catalase and i/-ophioamino acid oxi- 
dase, 476;-477 
in chromidia, 31 

Cataracts and nancreatectomy, 182 
Cathepsin in enromidia, 31 
Cellobiasc, 268-269, 285 
Cellobiose, from cellulose, 256-258 
Cell organization, 24-26 
CellotnOHO from cellulose, 258 
rVllulasp, 26&-269, 271, 285 
Cellulose, action of acid on, 259-262 
action of wood-destroying molds on, 
269—279 

crystalline structure, 203-264, 283- 
284 

degrndatinn, and lignin, 279-295 
dissimilation bv wood-<lestrnvma 
molds, 278-279 
r^nzymic degradation, 265-270 
linkage between glucose units, 25.)- 
259 

linkage to lignin, 283-288 
muTobiological degradation, 253-208 
oxidative degradation, 265-269 
preliminary hydrolysis, 265, 266-260. 
272-274, 279 

products, 266-268, 278-279 
relation to glucose, 255-264, 267- 
269, 271-273 

structure, 254-364, 283-284 
Tollens-Hiller-Pacsu concept of 
structure, 259-262 
x-ray studies, 262-264 
ChloroacetyJalanine, absorption spec- 
trum, 131 


Ch1oroaretyl-DL-alanyldehydroalanine 
and dehydropeptidases, 140-142, 
145 

Chlnt'oaoctyldehydroalanine, absorp- 
tion spectrum, 131 

and dohydropeptidases, 139-142, 144, 
145, 147, 148, 151 
pieparation, 125, 128 

Chloracetyldehydrophenylalanine, ab- 
son)1iuu spectrum, 132 
and dehydropeptidases, 134, 135, 139, 
140, 144, 151 
prejiaratiim, 123 

Ghl nruacel y Iglycyldohy droalanine and 
dehydropoplidases, 140-142, 144, 
145 

Chloroai'ctylglycyldchydrophnnylala- 
nine and dehydropeptidosos, 140- 
141 

ChlorouiTtylphcuylalanine, absorption 
spectrum, 132 

Chloroacetylsarrosyldehydroalanine 
and dehydropcptidascs, 140, 141, 
144 

Cjlilorophvll .ind coupled oxidatinns, 
452 

C’hloroplnsts. and carbohydrate syn- 
thesis, 56 

ami fat E^nthesis, 56 

and functioning of cytoplasm, 20-23 

structure, 23 

a-ChloropropionyIdehydroalaninc, ab- 
sorption NpiM'trum, 131 
and dihydropeptidoses, 139, 140, 144 
preparation, 128 

CholcEtternl, and irritability of pioto- 
plasm, 3 

in Golgi bodies, 21-23 

in livers of depancreatized dogs, 177 

in mitochondria, 20-23 

Choline, and phospholipide content of 
blood. 180, 197-19S 
effect on fatty livers, 191-193 
in plants, 234 
lipotropic action, 172 
of blood plasma, 197-198 
relation to anlifattv-liver fa,ctors of 
pancreas, 191-193, 196, 197-199 
synthesis, and methionine, 198 
and methyl donors, 198 

Chnlinc-cnDtaining phospholipides, in 
livers of depan(*reatized dogs, 177 
of plasma, 180 

Choline oxidase in nuclei, 33 

CholinesteraseCs), and nerve impulse 
transmission, 468 
and sex hormones, 468 
distribution, 467-469 
from brains, 463-464 
from erythrocytes, 463467 
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fram tienun, 46SM07 
in <?ryi^rocyt.eH, 402-467 
inhibition mechaniHin, 464 
inhibitors, 470-471 
ineoHiircment, 467 

inethoda of differentiation, 462, 464- 
467 

mnlliple naluii', 462-467 
of Hnake venoms, 466-467, 469-471, 
490-491 

properties, 462-464, 466-467, 470-471 
"pseudo,*’ 462-464, 467 
“true,” 463-464, 465-467 
types, 461-471 

(Dhromidia, and respiratory enaymes, 
7, 31-37 

and stiurtiire iit' eytu^laHm, 4-14 
r'hoiniral (Compounds in, 7-8 
mutation, 6(Mi2 

Himilarily lo ehroinomeres, 10-17 
Chroinidial miitalions and differentia- 
lion of eel k 60-62 
Chrom(J 1 nere^. and nui'leie neid, 3 
and slrurture of ehronLO-soiiiOK, 16-17 
ChroiuoHuiues, un Holf-jierpetuatuig 
filirils, 4 

eomparison \rith eyioplaamia fibrils, 
11, 14, 17 
iiLutility, 38-30 
si met oral iierindieity, 14-17 
Cinchona alkaloids, and quinueltline 
nueleus, 235 
bioHvnthi'sis, 242 
oriffin, 231-233 
C’mehunidine, oriidn, 232 
(''irrhosis uf livrr and jianerrateelomv, 
182-18:1 

CJliie aeid, and fallv aeid eulnbnlisni, 
392-401 

eyele uf Krebs and Johnsou, 395-396 
i'^nlntinn. 394 

"Citiogenasc'" and fat iDetaboliani, 
398^00. 401. 410 

Clotting of bloiKl. See Blood clot tint/ 
Clotting H^^stem within protoplasm, 28 
(^)euzyme T. role in metaboli^, 414 
CoeiizvuiG II, role in metabolism, 413, 
414 

Complement, artiviiy and caleiiim 
ions, 95 

and ningnesium ions, 95 
aininonin -treat 1 ^, 104-111 
and antibody intenlependenee, 92- 
93 

and mass law, 84-89 

('ffeet of heat on component, 4, 107 

pstimation of eomponents, 75 

fixation data, 83 

fixation test, 97-101 

heat inactivation, 76 


liemolytie ac^tivity, 76, 89-97 
lytii^ activity and electrolytes, 93-86 
method of analysis, 72-76 
microestimation in weight units, 78- 
88 

molecular weight, 80 
nitrogen in guinea pig serum, 73 
nitrogen values, 76 
partiripation in union of antigen 
and antibody, 97-101 
properties of components, 102 
purification and isolation of eom- 
ponents, 101-103 

quantitative estimations of fixation, 
97-101 

quant itative studies, 7W12 
relation to auligen and antibody, 
82^9 

relation tu bacterioidal and opsonie 
effects of fresh sera, 111 
ndalion to hemolysin and rod cells. 
79^-ffl 

"•^pecificolly inaetiA ated," 103, 109 
stability, 96 
stabilization, 74 
I illation, 98 
uf components, 103-111 
reagents, 108-109 

uptake in antigim-antibody com- 
binaliou, 73 

"zymosan’-lreated, 104-111 
Conductivity of cytoplasm, 42-47 
(^otnovhora cerrheVa, action on cellu- 
lose, 271, 272, 273, 278-279 
degradatiem of glucose, 272-274 
Conjugated double bonds and autoxi- 
dalion, 428, 434-430, 44fM50 
Couirartility of protoplasm, 37-42, 50, 
56 

C'opiier and aul oxidation uf fats, 441 
(^nrtex and plasma membrane of colls, 
17-20 

('reuliiiuriii, and diabeteif, 402 
and ketonuria, 402, 407 
eVsteine, degradation by desulfurase. 
146-147 

C^ystine, degradation by desulfurase, 
146 

synthesis, 134 

Cystine peptides, rale of desulfura- 
tion, 135 

enzymic degradation, 145-147, 148 
CytocheiiiicaJ nietiiuds for enzymes, 
30 

Cytochroinp(R), and phosi^holipide 
Hynthesis, 331 
in rhromidia, 31 
ill metabolic scheme, 414 
Q^ochromc oxidase, in rhromidia, 31 
in nuclei, 33 
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Cytolyaib. and birefringpuii^ of rylo- 
plaHin, 35-d6 

and rate of re^dpiralion, 44 
role of IprithinaAes m, M 
wparation of lipides from proioiiia 
in, 44 

Qytc^lasm. Stp also Prutoplanm. 
funetiomng, 1-69 
and chloroplaatts, 20-23 
and dofeoHo mpchaniunH, 61-65 
intprartion with crll iiucleiH, 56-65 
irritability, 3. 42-47, 56 
pnrmpability, 20, 46-51, 53, 56 
HpcciAi* fiinrtioiiH, 55-65 
atrurrino, 4-26 
and rinoiiiidia, 4-14 
CVtoulaflinir flbrilh. Sop nlno FfhnU 
and birefrin^pui'P plienumona, S-14 
and pcmlrarlion of ridl, 37-42 
and Htmptuip of pniloplasni. 4-14 
r*bnrac*tpristips, U-14 
I'ffpfl of hydiation on, 37—42 
oripnlnlion, 10. 25 
HlroIrhinK, 10 

C^vtoplasniip fiafpnrnts. fiinctioninfc, 
55-50 

D 

Datuta ittramohnm in alkaloid bUidiCN 
219, 224-326, 236>240, 241, 243 
Dpaniidation, oiTept of a-keto aridh. 
156-164 

of apiiaraieiup, 152, 158-164 
of glutaniint'. 152, 158-164 
of vanoii^ amidpa, 158-159 
Dpfcuflf' mpphanisina and funetioninK 
of pyloplanm, 51-55 
l)phvdr<iapniwtos and pyridinr alka- 
Icjids, 24<k247 

Dplivdroapnation, of a-ainiiio anit^, 
362-363, 384, 387-388 
of fattv arids, 360-373, 375-376, 380- 
387 

Dpbydroaenation atudioa witli wocnI 
inoldH, 273-278 

Dphydroppptidahpla), 117-167 
and D-amiuo arid oxidaae, 151 
and phloroaretyldphydroalanine, 
130-142, 144, 145, 147, 148, 151 
and chloroacptyldehydrophenylala- 
ninp, 134, 135, 139, 140, 144, 151 
and chloroaoctylglycyldehydroala- 
Diup, 140-142, 144, 145 
and rhloroacetyJglycyldehydro- 
plicnylalanine, 140-141 
and rhlnroacetylHarpopyldehydroalo- 
ninp, 140, 141, 144 
and dialanylcystine, 146 
and dibromopropionylc^Htinp, 146 
and glycyldenydroalanine, 130-145, 
148, 151, 152, 157, 159, 163 


and glycyldohydrpplitenylalaniiic, 
laC 18i, 137-140, 143-145, 151, 163, 
166 


pharact eristics of sul^Htrates, 166-167 
diacovei:ir* 134-135 
distribution, 134-143 
inhibition, 145 

in normal and pathological human 
sera, 165 

linkaim attacked by, 165 
peptide inetaboliam, 151-152 
purified preparations, 143-145 
raversibility of action, 167 
specific action, 118-119, 134-143 
htnictural raquin^inents of sub* 
strafes, 141-142 
substiates (table), 140 
Dphydropoptidam* I, in tumors and 
pathological sera, 164 
purification, 143-145 
'spppifii* action, 152 
'•ubstrnips, 141-143 
siiHcpptibli' pimfigurNtinn, 166 


llpliydronr‘pbdas4^ TI, mid cYOpystinr 
rleMiIfuiase, 147, 148 
purifipation, 143-145 
HiihM rates, 141-143 
susceptible configuration, 1G6 
I)pliydropeptidaM‘ net ivily, Ki4-13Q. 


iplivdropeptidaM* 
145, 163 


Dphvdioppptidi's, absoiption sport rii 
i:i0-133, 136, 137, 138, 139, 152 
land diapyiaminopropionic acids, 119 
124-128. 152 


clipniical reactivity, 133-134 
pnzviiiip ilcgradHtioTi of pl■l•cu^sll^^. 
145-164 


<*nzyniir hyiirnlvsi-., 134-145 
fiHinatiDU in tissues, 152 
fioin cystiiip jjpptidps, 146-147 
pipparatinii, niid propcrlies, 119-134, 
161-162 

fiom amides and a-krto arids, 
124-128, 161-162 

from nitriles and a-kolo acids, 
128-129 

pirHluccd by action of n-amino acid 
oxidase, 150-152 

products of ensvmic h^'drolysis, 142- 
143 

Deinethylatinn of uicotine, 234 
Df^naturation of cytoplasmic proteins 
during mitosis, 38 

Uepanm^atized dog(s). absor])tion of 
parbo 1 i 3 rdratPs in, 180-181 
iilHoriktion of fat in, 180-181 
cliolpsterol in livers, 177 
choline-rontaining phospholipides in 
Jivera, 177 



fat ID liver, 172, 172, 179 
iiimiliiwtreatecl, diet for 
aiicv, 173-17S 

effect of raw pancreas on, 183-18Ci 
fatty liver in, 17&-179 
pathological changes on speda 
diet, 17&-183 
tmrviyal. 172-175 

De^aluralion of fatty adds, ownnieh 
for, 316-217, 329 

DeMilfuraMo, ariion on cvHleiiio, 146- 
147 

exopyHiine, 147, 142 

Domilfuration of peptidcH, 13ii 

DelfTgenih, effcM't*^ on rell Hlnietiireh, 6^ 

IMabHoh, »nd rn'atinuna. 40:4 
and oxidation ol ketone bmlie^, 40h. 
412 

and ])liOriplior\ lilt Lilli of glueohe, 40l'i 

Diabetogenir luntnone of hypophysis, 
114 

a.a-Uinrrtanimopropionie arids, prep- 
uiatiou. 124-122 

Diaeidy] and fat in otnbolihin, 389-391. 
400 

Diaj^dy] iiiii1rt*4tf niid fat inolaholiHm, 
391 

l)iH(*ylaminnpropionir ueid^, abMi^v- 
tion h<]»rptra, 153 
and dehydropeplidases, 152-158 
and dehj’drnjiepHih*^, 119. 124-128 
152 

autl iiynivip arid, 153-158 
si ability, 125-126 

I )ialany1oystiur and dohydi’opepti • 
diiH(>s. 146 

Diaminr oxidaNC, and nikninid bio- 
geuPMs, 238. 239 
and inhibit Miu. 480 

I )ihroirioprojuon>hy^liuo aiul dehv- 
dropoptidaars, 146 

Dipiirboxvlip aeid^ and fat nietnhnl- 
iiMn, 392-409, 412-414 
.md fi oxidation. 349 
from fat pataboli'^m, 374-380 

Differentiation of cel lb and chroniidial 
mutations, 60-62 

Diglycylominopropionir arid, and 
p>Tuvip and, 153-158 
hydrolysis, 163^158 
Hubhtrate for enzyinob, 127 

Dippptidases, and DL-a-cliluiopru- 
pionyldehvdroalanine, 139, 140, 
144 

and synthetic proMTSHes, 56 
effect on glyryldehydrophenylala- 
nine, 134 
in ohromidia. 31 
in nuclei. 33 


Dopa oxidasf*, p^iophemical method 
for, 30 

Dryii^ oils oml double-bond ronjogo- 
tion, 430 

Duboisia hopuioodm, in alkaloid 
studies, 224: 

Diihoma myoponddes in alkaloid 
studies, 223, 224, 226, 240-241 

E 

Embryologip differentiation, causes, 
61-65 

“Endpieee’' of complement, 101-111 
Ensyme concentration values, effert of 
substrate, 168 

Knsyme distribution, methods foi 
study, 30 

Ensyine inhibition and lifiidcs, 44 
Ensyme inhibiton» and immune he- 
molysis, 97 

Ensymic reactions as chain reaclionb, 
450-451, 463 

Epoxides and autoxidation of unsatu- 
rated fatty acids, 428, 432, 433-434 
Equtseitm, nicotine in, 223 
Erythrocytes. See also Red cells. 
cholinest erase in, 462-467 
of reproducible lytic behavior, 92 
Est Prases, from sera, 461-463, 
in nuclei, 33 

in snake venoms, 486-487 
Ethyl alcohol, and fat formation, 315, 
328^ 

and wood molds, 273-279 
Ethyl group, effect on oxidation of 
cinnamip alcohol, 366 
I'ffpct on fi oxidation of fatty acids, 
352 

Euglobin and complement, 101-102 
Expretiiie kidney cells and permeabil- 
ity, 50-51 

ICxopyslinc desiilfurase, and dohydro- 
ppptidasp n, 147, 148 
distribution, 147, 148 

F 

Kals. See also Fatty acids, lAjpM 
Phosphntides, and Phosjfhohpid 
iibsorptiuu iii depancreatized do 
180-181 

autoxidation, 425-457 
composition and factors involvi 
318-324 

formation, and body water, 324-4 
and calcium. 308-^. 316 . 
juid etl^l alcohol, 315. 328--330 
and phosphate, 307-308, 32^ 38( 
and protein ayntheiBu, 310-312 
and nvridiixiiie. 310. 316. 330 
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Fats, furmatioii {Ct^ntd.) 

and pynivic acid, 315, 327-530 
and rrU conecniiatirms, 303-30)) 
and thiaminp, 310, 322, 330 
ami variety of carbohydraU's, 312- 
314,328 

and vitamins, 310, 316, 322, 330 
from carbohydrate, conditions of 
formation, 306^12, 322, 329- 
330 

rfficicmy of conversion, 302-305 
from noncarbohydratp sources, 
314-316, 325-326 
Hite of, 318, 319 
from yeantH, 320-322^ 325, 328 
in hvO' of (leiiaiii'reatized dog, 172, 
178, 179 

metabolism, and acetom, 389-391, 
400 

and acetyl phosphate, 400-401 
and acuuitase, 393 
and bHiiiim, 396 
and diacetyl, 380-391, 400 
mid diai'clyJ inutaHP, 391 
and dicavnoxylic acids, 302-409, 
412-414 

and external setTeliun of ]iauei*eas, 
I867I9I 

synthesis, anil vhloroplasis, 56 
and respiiatory quotient, 300, 302- 
;«5, ;iU7. 310 

and (ricarnoxylic mid cyclp, 328 
from fatty acids, 317-318 
synthetic, biocheinislry of, 405-406 
composition, 405-40G 
Fatty ftcid(s). See also Fats and 
Lipir/fs. 

allerniiting P oxi<la(inii, 3584160, 404 
400-412 

blanched chtuii, 321, 369, 377-379, 
406 

i‘atabii1isin, 343-423 
aud Cirtncarboxyln* acids, 392-401 
and (ill 1 C mid, 392-401 
and oxalacetic acid. 392-401 
and pynivic acid. 392-401 
ill various organs, 409-412 
cyclohpx}'!, metabolism, 356-357 
(tfp dehydrogenation. 360-369, 380- 
387 

relation to fi oxidation, 380-387 
9,10 dehydrogenation, 36^373, 375- 
376, 380-387 

rciation to u oxidation, 380-387 
enzvmea for desaturation, 316-317, 
329 

esRential and double-liond position, 
370-371, 385 

even-numbered, metaholisni of, 349, 
401^, 410 


from carbohydrate, 300-301, 302-305 
306-312, 312-314, 322, 325-^ 
finm cellulose, 266-268 
from prutr^in, 316 

afi hydrogenation, 352-353, 365-369 
9,10 hydrogenation, 360-373 
ill livers of depaucreatiEed dogs, 
177-178 

iiiterconvprtibilitjf', 316-317 
low molecular weight, 387-301 
mechanism of s 3 rntbeHiH, 324-330 
iiiechanisnis of enzyme action, 380- 
387 

uionoetlienuid. aul oxidation of, 428- 
434, 437-438 

nnturally occuiring, 343-345 
odd-miniberi^d, 340, 355, 356-357, 
370, 401-400, 410 
oxidation, 354-355, 404 
nfi oxiiliitioD, 362 
fK ,7 oxidation, 354 

p oxidation, 317, 336. 346. 347-357. 
360, 364. 365. 369, 375. 376, 377. 
.380-387, 41)4, 411, 412 
relation to dehvdvoacuatioii. 

.380-387 

5 oxidation, 358-360 
•.) oxidation. 336, 346. .365, .372, 374- 
380, 380-387, 406 

relatiou to 9,10 deliydrogeiiation, 
380-387 

pol^’et heiioid , in ethyl enp-inter- 
njpteii, niit oxidation of, 434-439 
^ihirmed. rate of ^mtlipsis 324-330 
spatial Hiraiigerneut and eiizvmp 
action, 380-387 

.^mlhoMH, 56, 300-318, ^4-m 
lerinmnl oxiilatinn, 412-414 
unnatural ej, ami lipoxilla«^ 425-457 
aul oxidation, 425-457 
metabntiisin, 360^9 
rate of syntliesis, 324-330 
fi,/f iiEisaturated, chaructenziition, 

361 

Fntfy livers, and high protein diet, 
199-200, 173-183 
and hydrolyzed protein, 199-200 
and ligation ni pancreatic ducts, 
187-189 

de\elo})inent in rats, 196 
m insulin-treat ed depancreat izrd 
dog, 175-179 

prexention by pancreatic juice, 190- 
191 

time interval for development, 196- 
196 

Fibrillar structure of ground cyto- 
plasm, 8-14 

Fibrils. See also Cytoplasmic fibrils. 
and coll organization, 24-26, 33 
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and tliixotropy of piotophuim, 27-28 
(‘omparifloxi, 14-17 
in cortex or eell^ 12-20 
motility and contractihly, 29 
Fluoride, effect on lytic activity, 95 
Fomcjf annojtuH, degradation of cellu- 
loHe, 272-273, 278-279 
dwadatioiL of glucnnc, 272-274 
Food conatituente, acheme for niotiab> 
oUion, 412-414 

Fumaroae, action on fran^ acid, 363 


(T<»nes. Sor also Chrntmnnfnrti, 
and Hpi'rifii; reactions in synthesis of 
ntainins and amino aciils, 205, 235 
iiiutHtiims, 62 

(ilohillin nature' of com]>lemont, KK 
y-Cilobulin inhibition of roniplruirul 
activity. 95 

/j-D-Ci lucobaiiiina.se in snakr \('iuiin.>. 
m, 475. 476 

(Ducohr, dissimilation bv molds. 272 
274, 294-295 

linkage in cellulose, 255-259 
phosphnr>dation, 51. 403 
relation to cellulose, 255-264, 267- 
269, 271-273 

Clhicose phosphates and insulin, 413- 
414 

/j^]ucDsida.se, 271 

filutauiic acid, and pyridim img, 236 
and water absorption, 246 
(rliilaminase. activation, 1G4 
activity, 158, 160 

riliitnminp, deamidation, 152, 158-164 
by phcnylijyruvir acid, 160-164 
Glutathione in mitochondria, 34 
Glycerides, tynthesis, 317-318 
Glycogen and cell structure, 34 
Glycogen of liver and ketone bodies. 
408 

Glycylalanine, absorption spectriiin, 
131 

Glycyldehydroalanine, absorption 
spoetTum, 131, 152 

and dehydropeptidases, 139-145. 

148, 151, 152, 157, 159, 163 
from diglycylaminopropionir acid, 
127 

preparation, 126 

Gfycyldehydrophenylalanine, absorp- 
tion spectrum, 132, 137, 138 
and dohydropepiidasos, 134, 135, 
137-140, lfV145, 151, 163, 166 
effect of various enaymes, 134 
preparation, 123 

Glycylelycyldehydroalanine. and de- 
hydropeptioaLses, 140, 144 


Glycylpbenylalanine, absorption speo- 
Inim, 132 

Golfp apparatus, change in znass upon 
injury, 47 

Golgi bodies, and defense mechaniamB, 
52-55 

and functioning of cytoplasm, 20-23 
H 

Urh'x pom of (a, enz3rjnes in, 285 
Heiiiin and autoxidation, 427, 440, 443, 
452 

Heijiolyhinfs), data on antisheep ecU, 
77 

estimation by “titer,** 76 
iiitcrrx'stiniatjon in weight units, 76- 
79 

molei’iilai weight, 80 
relation to complement and red 
I'ellh, 79-82 

Hemolysis, and lysolecithin, 460, 487, 
490 

I'lTect of temperature, 95 
iiuiriune. meclumism of, 96-97 
I ole of I'uzymes, 461, 490 
Hemolytic activity, of complement, 
76. 89-97 

Heparin and snake venom, 476 
Hexiunetaphospliale, eflei‘t on lytic 
activity, 95 

Hisliiline cai+u)xylnse and inhibition, 
480 

Hordenine distribution in germinating 
Imi-loy seed, 233 

Hvaluronir acid and huake venoms, 
472, 487 

Hyahii'onidase, inhibition, 473-475 
iiieasureincnt, 473-475 
multiple nature, 472-473 
«»f snake venoms, 471-476. 484-486. 
487 

]»ropprties, 473-475 

Hydration and contractility of proto- 
pliibiu, 37-42 

Hyilrocellulose from cellulose, 260-262 
Hydrogenase for fatly acids, 317 
Hydrogenation of fatty acids, 352-353, 
365-373 

Hydrogen donors and fatty acid 
metabolism, 391 

Hydrogen transport, by Ci-dicarbox- 
ylic acids, 412-414 

Hydroperoxides, and antioxidants, 
439-440 

from autoxidation of unsaturated 
compounds, 427-439, 449-451 
i.-a-Hvdroxy arid oxidase in kidney. 
366 

and .^nthesis of fats, 336 
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^one^odies. 


ic Bcid. See aluo Kf~ 


Hydroxj’ fatty aciiiH. See alao Fatty 
actaa. 

Rynth(*Hi{4, 335-^336 

^»-Hydrc)xyphpnylpynn’U‘ afirl, abaoip- 
tinn apertnim, 133 
Hyoseine, from Rropine, 241 
in Dahtm, 224 
oriidni 226 

Qyos^amiup. Soo also Atroptw. 
ai'giniup in htyntlu'Hit*, 236-240 
produced in ro(»lh, 224-226 
H yoHcytWiUit, in alkaloid Rtudina, 224 
Hypcrterndn, sprum, inactivation by 
snako venomH, 4^ 

HypcrtPORinofilcii and complemenii 103 
Hyjtophyaia, diaboiogenir hormone of, 
414 


a-lniino acids, and a-ainino acida 
117-118 

Immune hemolyMs, ami enzyme iii- 
hibitorn, 97 
zneehaniam, 96-97 

Immunity and role of complement , 97 
Inactivation of antinvaain I, 485 
Indole ring in alkaloidH, 235-236 
Inhibition, and lipides. 44 
competitive, 473, 4R(MS1 
of rfiolinoHl erase, 464, 470-471 
of dehydropeptidoses, 145 
of hvalurnnidase, 473-474, 484-486, 
487 

Inhibitors, and immune hemolysia, 97 
of lipoxidanc, 447-448 
respiratory, and phospholipide syn- 
thesis, ^1 

Insulin, effect on duct -ligated dogp* 
189 

role, 413-414 

Intestinal eells, permeability, 50-51 
Iron poq)hyrim4 and oxidation of un- 
saturated fatty acids, 373 
Irritability of cytoplasm, 3. 42-47, 56 
Isocitrie arid and fattj' acid catabol- 
ism, 392-401 

Isomeric peptides, and o-amino acid 
oxidase, 150-162 

of saturate amino adds, 147-162 
speciftdty of enzyme system for, 
150-152 

Isoquinoline group in alkaloids, 233. 
335,236 

iHoquinoline stnicturp and pyridine 
ring, 233, 235, 236 


tt-Keto acid peptides and carboxypep- 
tidaae^ 129 

s-Keto acids, and a-amino acids, 117- 
118 

and dehydropeptides, IIQ 
effect on deamidation of glutamine 
and afq)Hr^ne, 158-164 
in preparation of dehydropoptidfis, 
124-128, 128-129. 161-162 
qmthesis, 119 

use in ifynthosis of dehydropeptiticH, 
128-129 

a-Keto-5-aminovalf*Tianic acid in alka- 
loid biogenesis. 238-239 
Keto fatly acids. See also Fatiy acids 
and fatly acid cniaboliam, 392-401 
and synthesis of waxes. 334^-337 
tij^nthcais, 335^336 

B-Kcfcoglutarie acid and fatty oi'id 
catabolism, 392-401 
Ketone bodies. See also i4c( toavvlit- 
acid and p-IIydroxybutync arid 
and adronalinp, 414 
and gl 3 rcogen of liver, 408 
formation and degradation. 401-409 
formation in liver, 409-412 
from even-numbered fatty acids, 
401-409 

oxidation and CV-tneai-boxylie acid 
cycle, 401-412 

in kidnevs and muscle, 409-412 
Ketones and aut oxidation of unsatu- 
rated fatty acids, 427 
Ketonuria and ereatinuria, 402, 407 
"Key spot" theory of red-i'cll sensiti- 
zation, 82 

Kidney, and oxidation of ketone 
bodies, 409-412 
enZ3rmes, 355 

Krebs and Johnson citric acid eyrie, 
395-396 

L 

Lactic acid and fat formation, 315 
Lactic dehydrogenase, and fat metab- 
olism, 391 
in nuclei, 33 

Lecithin of egg yolk, effect on liver. 
101 

Lecithinasefs) of snake venom, 476, 
48CM87,400 
role in eytolsrsis, 54 
Ledthinase A of snake venom, 460, 
487,490 

LantinuB lepidem, and lignin st.udies 

808-295 

degradation of cellulose, 272-273 
of glucose, 272-274 
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Leraittn ireptuna, degradation of cellu* 
lose, 273-273 
of glu(‘ 08 e, 272-274 
L^rosy baciilue, fatly acids in, 335 
Lichenase, 271, 285 
TiigDin(b), and itIUiIow.* degradation. 
279-295 

chemical nutuip, 282-283 
oompariHon of simiJar tyi)ea, 292-293 
connlitution. 288-290 
enzyme atudies, 290-295 
linkage to colluloHe, 283-288 
origin, 280-281 

liipaHe(H) cytncheinicalmHhod for, 30 
pau4Tca1ic< 406 
nenim, 406 

Iiipidp(H). See almi Choki^fiTol, Fath, 
Futty acid^, Luidthm^ Phoa* 
phatidf Sf Ph oaph olipidea, and 

.Si^f roh 

and cell alrurture, 7-8, 9-10, 18-20, 
25, 48, 50, 53^54 
and complment, 88 
and enzyme inluhitiou, 44 
and functioning of c>'top1a^ni| 3, 35- 
36. 43, 41, 46-47, 50, 59 
and inhihilionp 44 

compohilion of nuclear and cyto> 
)dasmic types 02 

disfnbiilion of liver in dcpancrea- 
lized dog, 177-178 

effect of yiurn'ientic duel ligation . 
187- 181) 

metabolism, effect of luw pancreHs 
183-*186 

•stimulating properties* of pancie- 
atir jmee. 199-191 
of blood, choline content. 180, 197- 
108 

effect of raw pancreu>, 185-186. 
101 

of liver, effect of choline, 101-193 
effect of methionine, 108-200 
effect of law pancreas on, 183-185 
in duct-ligated dogs, 188, 189 
in normal and depancmatizcd 
dogs, 175-179 

plasma, in insulin-treatod depan- 
crpalized dogs, 179, 180 
role in nei*ve conduction, 46-47 
synthesds, 59-60, 299-341 
and Tnrulopais Upojem, 301, 302, 
304, 305, 306-307, 308, 309, 310, 
312, 313, 315-316, 321, 325, 328 
Lipido-flieve theoo' of cell permea- 
bility, 48^1 

Lipocaic, preparation and properties, 
193, 196, 196 

Lipoproteina and calcium, 45 
Lipotropic action, of betaine, 192 


of ohol^, 172 
of meliiioniiie, 172 
of proteibo, 193 
Lipo3cidBfle(s). 373-37^441*458 
activator ot, 446-449 
and auUnddation of unaaturated 
fatty acida^ 426-457 
and carotenoid oxidase, 441 
and coupled reaction^ 451-453 
and essential fatty acida, 426 
and thiol compoundB, 373-374 
distribution, 442-443 
inhibition, 447-448 
properties, 446-447 
purification, 446446 
reaction mechanism, 449-451 
speeificify for double bond position. 
426 

standardization, 444-445 
nubstratc sriocificity, 443-444 
l^iver, and Icetone body formation, 
409412, 

antifatty-liver factor of the pan- 
creas, 171-202 
cirrhosis, 182-183 

Liver lipidos. See Upidea of Uver. 
Lupinanc structure and pyridine ring, 
235, 236 

Lupine alkaloids, origin, 226-227 
Lyropemcon eandrntnm in alkaloid 
studies, 219 

Lycopodnm, niroline in, 223 
Lyhine, and piperidine rings, 237 
and pyridine ring«t, 237 
and holanacenus alkaloids, 237 
LyHiH, and calcium, 94-95 
effect of various ions, 94-95 
of red cclK, formula for Ij'iic rurve, 
89-91 

Lyholecithin and hemolysis, 460, 487, 
490 

Lytic activity, effect of fluoride on, 95 
effect of hexamrtaphoaphate on, 95 

M 

Magnesium, and cell structure. 7-8, 
19-20. 45 

and fat formation, 309, 315 
and ketone body formation, 401 
and nucleic acids, 17. 19, 20, 50 
and phosphatides^ 24, M 
effect on hemolytic activity of com- 
plement, 03-95 
Malta^e, 271 

Membranes of celN, 17-20 
Mendiva conflyena, degradation of 
cellulose, 272-273, 278-279 
degradation of glucose, 272-274 
1/cruUi^ larrymana, action on dex- 
trin8,269 
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XfcruliuH Uunrymaan, aclion (Con/(/.) 
on wood, 271-272 
and lienin k 1 tidies, 290-203 
degradation of eelluloRe, 272-273, 
27M79 

of glucose, 272-274 
enayines in, 271 

tdvcuK, dcgradatifin of cellu- 
lose, 272-273, 27S-279 
of glucose, 272-274 
,\fmdiui* trenicUoi^its, degradation of 
cellulose, 272-273, 27S-279 
of glucose, 272-274 
Methionine, and liver lipides, 192, 
198-200 

and Ryntliesis of eholin(\ 198 
lipotropic action, 172 
Mothoxyl groups and alkaloid bio- 
genesis, 234 

Methylated subslancos in plants, 234 
MeUiylaliun, of tobacco alkaloids, 240 
studies of r*elluloHe. 255-256, 280-1 
Metlivl donuts and choline svntheais, 
198 

Metliylenf‘dioxy groups and alkaloid 
biogenesis, 235 

a-McIhylenic group. reacLivity and 
autoxidalion, 427, 431-432, 434- 
435. 437-438 

Methyl group(ft), deficiency of, 172 
effect on dehydrogenation of fatty 
acids. 361, 362, 365 
effect on p oxidation iif fattv acids, 
351-352 

transfers m noriiicutine svntliesis, 
233-235 

Metlivl p-hvdroxycinnamate from xy~ 
lose, 294-295 

Methyl ketones, and s>''nthesis of 
waxe^. 3[t4-^7 

from fatty acids, 350-352, 356, 357 
iiirtaboliMn, 353, 403 
Methvl p-inethox^Tinnamate from 
gliicn<e, 272, 273, 294-295 
Methyl p-meihoxTf'innamate, from 
lignm, 294 

from wood. 272, 203- 295 
Meihvl precurflorfi. See also Betaiiu, 
CholinPf Mcikwnine, and Protein 
and antifatty-liver factor of pan- 
creas, 197-200 

Microbiological degradation of cellu- 
lose, 25^298 

“Midpiece” of complement, 101, 103- 
111 

Mitochondria, and cell organization, 24 
and chromidia, 4-0 
nnil defense mechanisms, 52-55 
and functioning of cytoplasm, 20 
and reopiratoiy enzymea, 31 -37 


Molds, wood-destroying, 260-270, 290- 
295 

degradation of simple sugars bv, 
271-274 

Morphine and plant metabolism, 242 
Motility of protoplam, 37-42 
MiicooligusaccharasG in snake venom«<. 
472 

Muctjpnlysaeeharase in snake venoms, 
472 

Muscle and oxidation of kotone 
bodies, 409-418 

Mascle rontiaclion and polypeptide 
chains, 29 

Mydriatic nlkaluids, synthesis, 224- 
225 

Myofibrils, (Comparison with other fi- 
brils, 16-17 

Myosin, identity with adenosinetri- 
plukspliatuse, 31 

N 

Neoplastic tihsucs, enzyme activity in, 
148 

Nervr* conrliiction, role of lipides. 46- 
47 

role of polypeptide chains, 46-47 
Xervini'* tissue and fat formation, 318, 
319 

Ncurntnxin in snake veiionis, 490-491 
Xirotiatm atfini<* in alkaloid studies, 
218 

\wofiana ylamu lu alkaloid studies, 
219, 223, 224, 227-231* 

Xtcofttwn glutinohn in alkaloid studii's, 
223. 227-228, 2^231 
Xivofiauft ruisUrn in alkaloid studies, 
219, 223 

Xicofwtm iobacum, alkaloids in, 240- 
241 

synthesis and distribution of nico- 
' tine, 217-223, 228-231 
Xj cot inn, and )iDa1){i*<'ine biosynthesis, 
229-231 

and noniicotine, 211, 227-231, 233- 
235 , 

and origin of pyridine ring, 235-236 
biosynthesis, 217-223 
and anabaaine, 229-23,1 
formation in roots of various species, 
223 

in Datura, 224 

lot allzation of i^thetic mechanism. 
222 

methods of determination, 218 
precursors, 236 
rate of deinethylation, 234 
\iro1in<- synthesis and plant physi- 
ology*, 245-246 
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Ninotitlic acid, and alkaloid eynthfim, 
235*236 

and water absurpiion, 246 
iw prrcur?4or of nirotiue, 236 
frcnn tr^’ptnphan, 235^ 236 
NilrilcHi usp in Hynthoaifl of dehydro- 
peptides, 128-129 

Nomicotine, and methyl aroup trans- 
fers, 233^^ 

biosynthoKis from nicotine, 227-231, 
233-235 
in Datura, 224 

hiniilarily to anabanine, 228-229 
Nucleic ftcidts). See also Ribonurtvir 
acid, Thymoniicleic arid, and Nv~ 
ctro proteins. 

and calcium, 7, 17, 19, 20, 50 
and funetioniufc of cyloplasin, 3, 4- 
7, 15-17, 19-23, 35, 58 
and magnesium, 17, 19, 20, 50 
iliKintegralioii by snake venom, 460 
Niir'leie-acid-caJciiMii-lipide com- 
uouiula in nerves, 47 
Nui'lcupi olcin-fulciuin-phohplmtide of 
plasma membranes, 49-51 
NurlcopndeinH and re.spiralt)r.v en- 
zymes, 35 

NuclfMis of cell, iiiteracliou with eylo- 
plasui, 56-65 
spociHc functioiih, 55-65 

O 

ir-Ophiuainino acid oxidase, and caia- 
lasc^ 476-477 

inecliunisni of urlion, 480-481 
oiTurrence, 482-484 
(if snake v<'nomH, 470-484, 487-489 
specificity, 477-479 
Oi)hioclK>Jine.^l*’rase of ^nake veninn'*, 
471 

Opliio oMilase in snake venoms, 476- 
484, 487-489 

Opaonic activity and cali-iuiii, 111 
Opsonic elfecls of fiesh si»ra. rein I urn 
to I'oniidemenl, 111 
Ornithine, and alkaloid Idogeiiesi*^, 
237-240, 242, 244 
and pyridine ring, 236 
and pyrrolidine ring, 237 
and tropano rings, 237 
OxB In retie acid. See also car- 
boxylic acids. 
and antiketogencsis. 408 
ami fatty aeitl cataDoUsm, 392-401 
and ketone body formation, 401-409 
from pyruvic acid, 401-409 
inlemiediate in metabolism, 412-414 
Oxidase, o^amino arid, in kidneys, 355 
Oxidase, L-a*hydroxy acid, in kidney, 
355 


Oxidase, uusaturated-fat, in animal 
tissues, 442-443 

Oxidation of amino acids, 156-152, 
412-414 

a Oxidation of fatty aeidsj 354-355. 
404 

Oxidation of fatty acids, 362 
a,y Oxidation of fatty aends, 354 
P Oxidation of fatty acids, 317, 336, 346, 
347-357, 360, 364, 365, 369, 375. 
376, 377, 380-^, 404, 411, 412 
alternating, 358-360, 404, 409*412 
5 Oxidation of fatty acids, 358-360 
tf Oxidation of fatty acids, 336, 346, 365, 
372, 374-380. 380-387, 406 
Oxyrelluluse from cellulose, 265*266, 
267 

Ox^'^gen addition to double bonds, 
432*434, 437-439 

P 

Pancreas, antifatly-liver factor, 171- 
202 

mechanism of fiction, 196-200 
effect on dcpancroatiscd dog, 183- 
186 

external stHTclion, irlalion to fat 
metabolism, 186-101 
ligation of ducts, and lipide changes, 
187-189 

preparations rich in antifutty-liver 
factor, 193-196 

relation of choline to actifatty-livei 
factcjrs, 191-193, 196, 197-199 ^ 
Pancreatectomy. See also Drpancrca- 
lized dogs. 

find absorption, 180-181 
and cataracts, 182 
and cirrhosis of liver. 182-183 
and fatty liver, 175-179 
and pathological clianges, 175-183 
• and plufiiua lijiides, 179, ISO 
and survival, 172-175 
Pancreatic juice, clTccf on lipide 
metabolism, 190-191 
Pancrcatin, effort on peptides of de- 
hydroiiheuylalanine, 134 
Pantothenic a(‘id and fat formation. 
310 

Papaver ftomaij^^riivi alkaloid content, 
242 

Pentoses and fat foniiation, 312-314, 
328 

Pepsin, effect on glycyldchydrophenyl- 
nlaninc, 134 

Peptidases, action of snake venoms 
on, 486, 488-4S9 
linkage attacked by, 164, 165 
Peptide metabolism and dehydropep- 
tidasca, 151-152 
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Peptid(»ij uouverMciii In jtyrrole com- 
poundfli 130 

inomerio, and D-amiuo arid ojddoHo, 
160-152 

of saturated ainiuu acidH, 147-162 
tt'^keto acid| 120 

of ryotino. c^nzyuiic degradation, 
145-147, 148 

rate of desulfunilion, 136 
HHturated, preparation, 120, 133-134 
Permeability, and funetioniiig of eyto- 
piaam, 20. 48-51, 53, 56 
of inteatinal rolb, 50-51 
Peroxidase, cytorheminal methods for, 
30 

in rhrumidia, 31 

Pproxidpb and antioxidants, 430-441 
Peroxidir prndurls, from autuxidation 
of fatty ariils, 426, 428-439, 449- 
451 

from aut oxidation of unsaiuraled 
eonkpounds, 425-430, 449-451 
Phonantiiridine structure and pyridine 
ring, 235, 236 

Phenolasp, cylnchcmicul iiictliods fot. 
30 

Plienylpyruvic acid, ahsurption .spec- 
tnim, 130, 132, 137 " 

effect on deamidation of glutamine. 
160-104 

from dehydropeptides, 134, 135, 137 
Phenylpy ru voylgly cine, absorption 
spectra and pH, 1^ 
preparation, 120 

PliORpliataHe(B), acid. Sre Acid phos- 
phatase, 

alkaline. S<»e AlhnUnf phufsphatnxv. 
of snake \ enoms, 460, 486-487 
Phospljale and fat funnalion, 307-308, 
328, 330 

Phofe^hatides. Si'e also Phottphtflipidfh, 
and ealeiuin, 7, 24, 50 
and functioning of r 3 doplaHni, 3. 7, 
20-24, 35 

and magnesium, 24, 50 
in plaama membranes, 49-51 
Phomholipides. See also Lipides and 
rhosphatiden. 

and choline content of blood, 180, 
197-198 

in livers of depancreatized ilogs. 
177-178 

synthesis, 330-331 

Phosphorylation, and aidivr transfer 
of glucose, 51 

of glucose and diabetes, 403 
J’hotoGhemicnl reactions, and hetero- 
cyclic ring structures, 207 
in alkaloid biogenesis, 207 
Piperidine ring and lyaine, 237 


Plaama, choline in. 180, 197-198 
fractionation and complement, 102- 

108 

lipides, in insulin-treated depancrea- 
tized dogs, 179, 180 
membrane (s), and cell functioning, 
17-20, 40-51 
phonphaiides in, 40-61 
proteins, synthesis, 54-55 
Plaaraagenes from minced cells, 6-7 
Pneumococcus type Til polysacchar- 
ide, data on complement studies 
99-100 

Polymerization and autuxidation of 
unsaturatfHi fatty acids, 428, 438- 
439 

Polypeptide cliains, and functioning 
of cytoplasm, 9-14, 14-17, 24, 29, 
37-;39, 41-42, 49-51 
role in nei-ve conduction, 46-47 ' 
Porta ria/7fa7ifu, degradation, of cellu- 
lose, 272-273, 278-279 
of glucose, 272-274 
of wood, 271-272 
Porphyrins, irfm, 373 
Precipitin reaetiona, quantitative* fis- 
pects, 72. 84^ 

Proinvasin I in snake* venoms, 484-486, 
487 

Prolinase, linkup aUnckc*d by, 164, 165 
Proline, and nicotine biosynthcsts, 245 
and pyridine ring, 230 
ProteaMjs, linkage altackiHl by, 164, 
166 

of snake venom, 460, 476, 480-490 
Protein ( h), absorption in depancrea- 
tized dogs, 180-181 
and fatty acid manufacture, 316 
and functioning of cvtn]>lasm, 9-10, 
18-23, 46-47, 57-58 
and purine nielabolhon, 242 
antigenic action, 54-55 
foreigib a*< cell poisons, 54-55 
lipotropic effect, 192 
mechanism of ^^'nthesis, 58-59 
metabolism and alkaloid biogenesis, 
206, 207, 212, 217, 228, 2£l, 238. 
239, 241-245 

IVolcin fibrils. Ftor also Fibrih 
structural |>eriodioity, 14-17 
Protein Hynthesis, 54-^ 
and fat formation, 310-^12 
as basis for memory, 64 
in cancerous tissues, 61 
Protoplasm. See also Cyioplwtm, 
contractility and hydration, 37-42 
dynamic state of structure, 26-30 
Protoplasmic colloids and aging, 26-27 
Protoplasmic structures, changes in. 
62-65 
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PurineA, in pbutn, ^ 
relation to protein metabobanij 242 
Pulimine And alkaloid bioeiynthetdR, 
237-^240.242 

Pyridine alkaloids, and dehvdroffen- 
aacs, 246-247 
and tiyptophan, 239 
relation to tropane alkaloidy, 224 
Pyridiuo ring in alkaloids, 233-236, 
237 
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